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S U M M A R Y
C eils in fec ted  w ith  HSV-1 (s tra in  17 syn+) or HSV-2 (s tra in  HG52) 
incorpora ted  inorganic sulphate in to  polypeptides which com igra ted  on SDS 
po lyacry lam ide  gels w ith  v irus-induced g lycopro te ins. The m ajor sulphated 
g lycopro te in  was g lycopro te in  E. In add ition , inorgan ic sulphate was
inco rpora ted  in to  g lycopro te in  D and HSV-1 g lycopro te ins B, C and Y . 
Inco rpora tion  o f sulphate label in to  HSV-2 g lycopro te ins B /C  was
occasionally observed. The add ition  o f inorganic sulphate occurs la te  during 
g lycopro te in  m a tu ra tion .
Analysis o f in tra c e llu la r sulphated polypeptides using in te r ty p ic  
recom binants mapped g lycopro te in  E to  between 0.886 and 0.935 map units 
(mu) o f the HSV genome.
Studies from  o ther labora to ries had established the types o f 
o ligosaccharide linkages on g lycopro te ins B, C and D. Experim ents are 
reported  in th is thesis in which the drug tun icam yc in  was used to 
investiga te  the nature o f the linkage o f o ligosaccharides to  HSV-1 induced 
g lycopro te ins E and Y and the nature o f the sulphate linkage to  a ll the 
recognised HSV-1 g lycopro te ins. Synthesis o f both gE-1 and gY-1 was 
inh ib ited  by the drug, suggesting they conta in  N -linked  o ligosaccharides.
Tunicam ycin  also inh ib ited  the inco rpora tion  o f inorganic sulphate in to  a ll 
HSV-1 g lycopro te ins although reduced amounts o f sulphate could be detected 
in an abnorm al fo rm  o f gE-1. These resu lts suggest th a t m ost inorgan ic 
sulphate appears to  be a ttached to  N -linked  oligosaccharides but fo r gE-1
some may be a ttached to  the polypeptide backbone or to  O -linked 
oligosaccharides.
M ajor sulphated species o f apparent MW 32000, 34000 and 35000 
were secreted from  ce lls in fec te d  w ith  17 syn+« In add ition , sulphated 
polypeptides which m igra ted in the v ic in ity  o f g lycopro te in  D were secreted 
fro m  ce lls  in fec ted  w ith  17 syn+. These species were subsequently shown
( ii i)
by try p t ic  peptide f in g e rp rin tin g  to be encoded by the gene encoding 
g lycopro te in  E. F u rthe rm ore , over 95% o f the to ta l amount o f 32000, 
34000 and 35000 po lypeptides synthesised was secreted.
The secreted p ro te ins  are produced when in fe c te d  ce lls are incubated 
in the presence o f serum but are not produced in its  absence dem onstra ting 
th a t a serum com ponent is responsible fo r  th e ir  genera tion . U n like  gE, the 
secreted prote ins do not possess a f f in ity  fo r the Fc end o f IgG.
Evidence is presented showing th a t the 92000-dalton g lycopro te in  
(g92K) induced by HSV-2 has p roperties  d is tin c t fro m  those assigned to  any 
other HSV-2 g lycopro te ins . F irs t, the carbohydra te  com position  and ex ten t 
o f sulphation d if fe r  fro m  those o f g lycopro te ins D and E. Second, two 
c lona lly  unrelated m onoclonal antibodies, A P I and LP5, shown to  sp e c ifica lly  
im m unoprec ip ita te  g92K, do not re a c t w ith  any o f the known processed 
form s o f g lycopro te ins B, C, D and E. T h ird , by using HSV-1 x HSV-2 
in te r ty p ic  recom binants g92K was shown to  map in the short region o f the 
HSV genome (0.846 -  0.924). Fourth , the in te r ty p ic  recom binant R12-1 
which did not induce g92K, induced HSV-2 gE and an a lte red  gD, provid ing 
genetic evidence th a t g92K is encoded, a t least in p a rt, by a d if fe re n t 
region o f the genome fro m  th a t encoding gE.
A B B R E V IA T IO N S
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IN T R O D U C T IO N
C H A P T E R  1 
IN T R O D U C T IO N
This in troduc tion  is presented in three sections. The f ir s t  deals 
w ith  the biology o f herpesviruses. The second deals w ith  s tru c tu re  and 
fun c tio n  o f g lycopro te ins w h ile  the th ird  is devoted to  herpes sim plex v irus 
(HSV) g lycopro te ins. In th a t section , th e ir genome locations synthesis, 
processing and the functions associated w ith  them  are discussed in d e ta il.
S E C TIO N  A: B IO LO G Y  OF H ER PESVIRUSES
1.1  C la ss ific a tio n  o f herpesviruses
The fa m ily  HERPES V IR IDAE can be grouped in to  th ree  
subfam ilies, A LP H A -, BETA- or GAM M AHERPESVIRINAE (Roizm an e t a l. , 
1978, 1981; Roizman, 1985; Mathews 1982). A rep resen ta tive  lis t
o f each is shown in Table 1. ALPHAHERPESVIRINAE and
GAMM AHERPESVIRINAE are d iffe re n tia te d  according to th e ir  host range 
in v itro  and ch a rac te ris tics  o f la te n t in fe c tio n . ALPHAHERPESVIRINAE 
in v itro  have a variable  host range, and produce la te n t in fec tio n s  in 
ganglia. GAM M AHERPESVIRINAE in v itro  re p lica te  in lym phoblasto id  
ce lls, being spec ific  fo r B and T lym phocytes and produce la te n t in fec tions  
in lym phoid tissue. Those herpesviruses grouped in to  the
BETAHERPESVIRINAE subfam ily  have a re la tiv e ly  long rep roductive  cyc le  
and slow development o f cy topatho logy in ce ll cu ltu re . The
ALPHAHERPESVIRINAE have a genome size o f 85-110 x 10^ whereas the 
BET AHERPESVIRIN AE have a genome size o f 130-150 x 106,
T A B L E  1
H erpesviruses
A iphaherp esvirinae Herpes S im plex Virus 1 (HSV-1) 
Herpes S im plex Virus 2 (HSV-2) 
Equine A bo rtio n  Virus (EHV-1)
Bovine M a m m ilit is  Virus (BMV-2)
Pseudorabies V irus (PrV)
Channel C a tfish  Virus (CCV)
G ru te r (1924)
Schneweis (1962)
P lum m er and 
Waterson (1963)
M a rtin  et a l. 
(1966)
Gustafsohn (1970)
W olf and 
D a rling ton  (1971)
B etaherp esv irinae Human C ytom ega lov irus (CMV) Sm ith (1956) 
Mouse C ytom ega lov irus Sm ith (1954)
G am m aherpesvirinae  E pste in -B arr V irus (EBV)
Marek's Disease Virus (MDV)
Epstein e t a l. 
(1965)
C h u rch ill and 
Biggs (1967)
1.2 S tru c tu re  o f the  herpesvirion
The herpesvirion contains fou r m orpho log ica lly  d is tin c t s tru c tu re s :- 
the core, capsid, tegum ent and envelope. The core contains a double­
stranded D N A genome (Epstein, 1962; Ben-Pora t and Kaplan, 1962) which 
is to ro id a lly  arranged around a ce n tra l proteinaceous m a tr ix  (Chai, 1971; 
Furlong e t a l. , 1972; Nazerian, 1974; Heine and C o ttle r-F o x , 1975).
The icosahedral capsid which surrounds the core is approx im ate ly  
lOOnm in d iam eter and consists o f 162 capsomeres arranged w ith  5:3:2 
axia l sym m etry (W ildy e t a l., 1960). The capsomeres o f which 150 are 
hexam eric and 12 are pentam eric are hollow  elongated prisms and 
in tercapsom eric f ib r ils  have been observed (W ildy e t a l. , 1960; Vernon 
e t a l., 1974).
A fib rous layer known as the tegum ent surrounds the capsid 
(Roizman and Furlong, 1974). The tegum ent is surrounded by the v ir io n  
envelope which consists o f a t r ila m e lla r  membrane w ith  spikes about 8- 
lOnm long, p ro jecting  from  its  ou te r surface (W ildy e t a l., 1960).
The m ature herpesvirion conta ins approx im ate ly  18-33 polypeptides, 
some o f which are phosphorylated or g lycosyla ted , and range in apparent 
MW from  11000-290000 (Spear and Roizm an, 1972; Heine e t a l. , 1974; 
Gibson and Roizman, 1974; Perdue e t a l. , 1974; S tevely, 1975; Marsden 
e t a l., 1976; Dolyniuk e t a l., 1976). Many o f the s tru c tu ra l pro te ins o f 
HSV-1 have been assigned locations w ith in  the v irus p a rtic le  on the basis 
o f experim ents invo lv ing se lective  rem ova l o f polypeptides by detergent 
tre a tm e n t (Roizm an and Furlong, 1974), d if fe re n t ia l chem ical tre a tm e n t 
(Olshevsky and Becker, 1972; Roizman and Furlong, 1974) and v irus 
neu tra lisa tion  (Powell e t a l., 1974; Cohen e t a l., 1978). Early studies 
suggested tha t the envelope contains most or a ll o f the v irus coded 
g lycoprote ins (Spear and Roizman, 1972), ce ll lip ids  (Asher e t a l., 1969) and 
spermidine (Gibson and Roizman, 1971). More re ce n tly , seven m ajor capsid
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and electron microscope measurements on partially denatured DNA 
molecules
polypeptides have been id e n tifie d  in HSV-1, ranging in MW from  12000 to 
155000 (Cohen e t a l., 1980). The 155000 m a jo r capsid p ro te in  has been 
shown to p a rtic ip a te  in disulphide bonding in the v ir io n  s truc tu re  (Zweig 
et a l., 1979). Polypeptides which have not been loca ted  in the capsid or 
envelope are thought to  reside in the tegum ent. V|v|\/\/43 (VP21) appears to 
be a s tru c tu ra l component o f the core (Gibson and Roizm an, 1972).
1.3 S tructu re  o f the HSV genome
The MW o f the HSV genome has been dete rm ined  by sedim enta tion , 
e lectron  m icroscop ic and re s tr ic tio n  endonuclease analysis (Becker e t a l. , 
1968; K ie ff  e t a l. , 1971; W ilk ie , 1973, 1976; G ra fs trom  et a l., 1974; 
Wadsworth et a l., 1975; C lem ents e t a l., 1976) to  be approxim ate ly
98 X 1 0 ^ daltons. The genome has a deoxyguanosine plus deoxycytosine
(G+C) content o f 67% (K ie ff et a l., 1971) compared to  a G+C content o f 
69% fo r HSV-2 (Goodheart et a l., 1968; K ie f f  e t a l. , 1971; H a llibu rton , 
1972) and in con tras t to mammalian ce llu la r D N A, the doublet CpG is not 
present at a reduced frequency (Subak-Sharpe et a l., 1966). A pprox im ate ly  
50% o f the HSV-1 and HSV-2 DNA sequences are homologous on the basis 
o f D N A -D N A  hybrid isa tion  experim ents (K ie f f  e t a l. , 1972; Frenkel e t a l., 
1973; Sugino and K ingsbury, 1976).
The HSV genome consists o f tw o  segments, the long (L) and short 
(S) components, each of which comprises a unique region (U|_ and Ug) 
bounded by inve rted  repe titions  (TR[_ and IR|_, TRg and IRg) as summarised
in f ig . 1 (Sheldrick and B erthe lo t, 1974; Hayward e t a l. , 1975b; Delius
and Clements, 1976; Roizman, 1979). Sheldrick and B erthe lo t (1974) 
suggested th a t the L and S segments m igh t in ve rt by in tram o lecu la r 
recom bination, thereby generating fou r d is tin c t genome arrangem ents. The
establishm ent o f re s tr ic t io n  endonuclease m aps j^ave  shown th a t th is  does 
occur and tha t v ir io n  DNA exists as an equim olar popu la tion  o f fou r DN A
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HSV-1 genome s tru c tu re :
(A) The genome arrangem ent o f HSV showing the te rm in a l repea t (TR)
and in te rn a i repea t (IR) sequences o f the long (L) and short (S) 
components. The num ber above each sequence re fe rs  to  the  size 
in millions of daltons.
(B) The fou r genome isom ers:
P P ro to type  o rie n ta tio n
Ig Inversion o f short region
I|_ Inversion o f long region
I 5L Inversion o f long and short regions
The arrows show the  o rie n ta tio n  o f the segments.
a a ' The a sequence (a). A sequence of DNA found at the termini of the 
HSV genome and in an inverted form {b') at the L/S junction. 
t>b' A sequence of DNA (b) in TRj_bordering the ^  sequence and found in 
inverted form ( b ') in IR l -
gc ' A sequence of DNA (c) in TR^ bordering the ^  sequence and found 
in inverted form (o')in I R ^ .
species which d if fe r  only in th e ir re la tive  o rie n ta tio n  o f the L and S
components (fig . 1) (Roizm an et a l., 1974; Hayward e t a l., 1975a; 
Wadsworth e t a l., 1975; Delius and C lem ents, 1976; W ilk ie  and C o rtin i, 
1976; Skare and Summers, 1977).
1.4 The a sequence
The a sequence is present as a d ire c t repeat a t each term inus of
the DNA m olecule and in an inverted  fo rm  at the L-S jo in t (Sheldrick and
B erthe lo t, 1974; G ra fs trom  et a l., 1974, 1975). Its size has been
estim ated at 265bp fro m  re s tr ic t io n  endonuclease mapping o f the HSV-1
stra in  KOS (Wagner and Summers, 1978) and 400-1600bp by e lectron
microscopy (G ra fs trom  e t a l., 1974, 1975; Wadsworth e t a l. , 1976; Kud ler 
; Davison and Wilkie (1 9 8 1 )  
and Hyman, 1979^ depending on the HSV-1 s tra in  used. The a sequence is
bordered by regions w hich occur at the te rm in i and in in ve rted  fo rm  at
the jo in t. These are designated b sequences fo r  those found in the L
region and c sequences fo r  those found in the S region (f ig . 1) (Sheldrick
and B erthe lo t, 1974; G ra fs trom  et a l., 1974, 1975).
Two types o f size heterogeneity  in the jo in t  and te rm in a l regions
have been described and were o rig in a lly  detected by variab le  size o f
re s tr ic tio n  endonuclease fragm ents. One is thought to  correspond to  the
' number o f a sequences present (W ilk ie , 1976; W ilk ie  e t a l., 1977; Wagner
and Summers, 1978; Locker and Frenkel, 1979), and the o the r is thought
tandem repeats
to  correspond to  sm a lle r multiplebf 10-50bp in the a sequence and the
adjacent c sequence (Wagner and Summers, 1978).
Nucleotide sequencing data have revealed th a t the a sequence is
tandem
flanked by d ire c t repeats and contains in te rna lj^ep e a ts  (Davison and W ilk ie , 
1981; Mocarski and Roizm an, 1981). The a sequence o f HSV-1 s tra in  
17 syn+, has the s tru c tu re  (D R l) (Ua) (D R 2)ig  (Ub) (D R l) ,  where D R l is a 
17bp d irec t repeat, DR2 is a 12bp repeated sequence o f w hich there  are
18 copies and Ua and Ub are unique sequences (Davison and W ilk ie , 1981).
A s im ila r s truc tu re , but w ith  tw o  adjacent in te rna l repeats, i.e . (D R l)  (Ua)
(DR2)m (DR3)n (Ub) (D R l)  has been shown fo r  HSV-1 s tra in  F (M ocarski 
and Roizman, 1981) and HSV-1 s tra in  USA-8 (Davison and W ilk ie , 1981).
1.4.1 Functions o f the a sequence
I t  has been dem onstra ted (M ocarski e t a l. , 1980; Smiley e t a l. ,
1981; Mocarski and R oizm an, 1982a, b) th a t the a sequence plays a ro le
in inversion. The a sequence conta in ing  fragm ents fro m  the jo in t  L or S
term inus was inserted in to  the U[_ reg ion. This generated add itiona l
inversion events o f DMA fragm en ts  bounded by the inve rted  a sequence
showing th a t the signal fo r  inversion lies w ith in  the a sequence.
Stow et al. (1983) dem onstra ted th a t the a sequence conta ins DMA
sequences required fo r  encapsidation o f the v irus genome. BHK ce lls  were
transfected w ith  plasmids conta in ing  the HSV-1 o rig in  o f re p lic a tio n , then
and concatemer formation 
superinfected w ith  HSV-1 as helper. Only re p lica tio n  JjDf the plasmids
occurred. If, however, the plasmids conta ined, in add ition , D N A  fro m  the a 
concatemer formation 
sequence, rep lication^j^nd encapsidation occurred a llow ing  fu r th e r passage o f
the rep lica ted  HSV-1 DNA.
D a lz ie l and Marsden (1984) presented evidence th a t the a sequence
of HSV-1 stra in  17 syn+ conta ins D NA sequences th a t in te ra c t sp e c ifica lly
w ith  the HSV-1 polypeptides o f apparent MW 21000 and 22000 (probably
ICP47 and ICP48 respective ly ). Their observation was based on a DN A
com petition  binding assay using cloned DNAs from  d if fe re n t regions o f the
virus genome to  search fo r  HSV-induced prote ins w hich m igh t in te ra c t
spec ifica lly  w ith  regions o f the  HSV genome. The fu n c tio n a l s ign ificance
of th is  in te rac tion  is no t ye t known.
1.5  In fec tio n s  by HSV
1.5.1 L y tic  in fec tions
Adsorption o f the  H S V -v irion  onto a c e ll is one o f the  in it ia l
events o f HSV in fe c tio n . The v ira l s tru c tu re (s ) responsible fo r  th is  event
has/have not ye t been id e n tif ie d , how ever as discussed in Section 1.22.2,
v ira l g lycopro te ins are probably d ire c t ly  invo lved , in p a rtic u la r, HSV-1 gB
and gD (Johnson e t a l. , 1984). A lthough  adsorption can occur a t +4°C ,
pene tra tion  requires h igher tem pe ra tu res  (Farnham  and N ew ton, 1959;
Holmes and Watson, 1963; Huang and Wagner, 1964). Several authors
have shown th a t the v ira l envelope is requ ired  fo r  in fe c t iv ity  (Sm ith , 1964;
Spring and Roizm an, 1968; Stein e t a l. , 1970; Rubenstein e t a l. , 1972)
and th a t spec ific  v ira l recep to rs  are present on the c e ll surface (Hochberg
and Becker, 1968; B lom berg, 1979; Vahlne e t a l. , 1979). V irions o f one
serotype can block the  b inding o f hom ologous, but no t o f hetero logous v irus
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(Vahlne e t a l., 1979, 198C^ showing th a t HSV-1 and HSV-2 recognise
d if fe re n t receptors on the  c e ll su rface .
Two routes have been proposed by w h ich  the  v ir io n  may pene tra te
the c e ll surface. F irs t, EM stud ies suggested th a t the  v ir io n  was taken 
in to  the ce ll, in to  vacuoles, by p inocytos is  (Holm es and Watson, 1963; 
H um m elar e t a l., 1969; Dales and S ilve rberg , 1969). Second, Morgan 
e t a l. (1968), also from  EM studies, suggested th a t in fec tio u s  p en e tra tion  
by HSV may occur by fus ion o f the  v ir io n  envelope w ith  the c e ll surface 
m em brane. Fu rthe r evidence th a t the  second suggestion is c o rre c t has 
been presented by Sarm iento e t a l. (1979), L i t t le  e t a l. (1981) and DeLuca 
e t a l. (1981) using a HSV-1 m u tan t w h ich  w il l  only en te r ce lls  a t the non- 
perm issive tem pera ture  (NPT) in  the  presence o f the fusion inducing agent, 
po lye thy lene  g lyco l. As discussed in m ore d e ta il in  Section 1.22.3, th is  
m u tan t is blocked in the processing o f gB a t the NPT, suggesting th a t gB 
plays a ro le  in the p en e tra tion  o f HSV-1 in to  ce lls .
A fte r  pene tra tion  o f v irions  in to  ce lls  in tissue cu ltu re , m itos is 
ceases (S toker and N ew ton, 1959; W ildy e t a l. , 1961). In it ia t io n  o f the 
in fec tious  cyc le  is independent o f the phase o f ce llu la r D N A synthesis 
(Cohen e t a l. , 1971). In fe c tio n  w ith  HSV resu lts  in in h ib itio n  o f ove ra ll 
host p ro te in  synthesis (Sydiskis and R oizm an, 1966; Pow ell and C ourtney, 
1975; Fenw ick and W alker, 1978; N ishioka and S ilve rs te in , 1978a) 
invo lv ing  disaggregation o f host polyribosom es (Sydiskis and Roizm an, 1966, 
1967; Fenw ick and W alker, 1978; N ishioka and S ilve rs te in , 1978b) and 
in h ib ition  o f host DNA and RNA synthesis (Roizm an e t a l. , 1965; Stenberg 
and P izer, 1982). However, i t  has been shown th a t a spec ific  set o f 
ce llu la r genes which encode polypeptides known as "stress" or "heat shock" 
prote ins are a c tiva ted  in response to  a lte ra tio n s , such as H S V -in fec tion , in 
the ce llu la r env ironm ent (N o ta riann i and Preston, 1982; LaThangue e t a l. , 
1984). In add ition , E ve re tt (1985) showed th a t a c tiv a tio n  o f tra n sc rip tio n  
of the ra b b it be ta -g lob in  gene and the human epsilon-g lob in  p rom ote r 
linked to the H SV-thym idine kinase (TK) coding reg ion , s tab ly trans fec ted  
in to  BHK thym id ine  kinase negative (TK~) ce lls , is s tim u la ted  upon HSV-1 
in fe c tio n . These genes may be in teg ra ted  in to  sites in the ce llu la r genome 
which are p a rtic u la r ly  accessible to  HSV-IE gene p roduct a c tiva tio n .
Studies on the mechanism by w hich host m acrom olecu lar synthesis 
is shut o f f  have shown th a t U V -irra d ia tio n  o f HSV-2 does not a ffe c t 
in h ib ition , suggesting th a t in h ib itio n  is due to  a s tru c tu ra l component o f 
the v irion . In add ition , Isom e t a l. (1983) has shown th a t s h u t-o ff  o f host 
p ro te in  synthesis in hepatoma ce lls  is m ediated by a func tion  requ iring  
v ira l gene expression. Some stra ins o f HSV-2, fo r  exam ple, s tra in  G, shut 
o f f  host p ro te in  synthesis more rap id ly  and e ff ic ie n t ly  than do HSV-1 
strains (e.g. s tra in  F) (Fenw ick e t a l., 1979). This appears to  be a general 
observation. However, the HSV-2 s tra in  used in these studies, HG52, is 
less e ff ic ie n t as can be seen in several gels in th is  thesis. The basis fo r
8the d iffe re n ce  is not known, however the genetic  locus responsible fo r  sh u t- 
o ff  by s tra in  HG52 has been mapped by use o f HSV-1 x HSV-2 in te r ty p ic  
recom binants to  overlap th a t by s tra in  G obta ined by Morse e t al. (1978) 
and Fenw ick e t a l. (1979), 0.52-0.59 map un its  (mu) (R.G. Hope and
H.S. Marsden, unpublished observations). N ishioka and S ilverste in  (1978b) 
reported  th a t tw o  d is tin c t s h u t- o f f  func tions ex is t in HSV-1. One is a 
v ir ion  com ponent, causing d isaggregation o f host polyribosom es and the 
o the r, requ ir ing  v ira l genome expression, causes degradation o f host mRNAs 
and the re fo re  s h u t-o ff  o f host p ro te in  synthesis.
The pathw ay by which v irus is assembled in the nucleus is poorly 
understood. EM studies o f in fec ted  ce lls  show condensation and 
m arg ination  o f host ch rom atin  fo llow ed  by the appearance o f capsids 
(Morgan e t a l. , 1959; N il e t a l., 1968a; M iyam oto  and Morgan, 1971; 
Smith and deHarven, 1973). Three tem pera tu re  sensitive (W  m u tan t- 
triggered  fea tu res  not previously described in H S V -l- in fe c te d  ce lls were 
recognised by Dargan and Subak-Sharpe (1983): a m o d ifica tio n  o f rough
endoplasmic re tic u lu m  (ER), in tranuc lea r accum ula tion  o f enveloped virus 
p a rtic les  and cy top lasm ic  accum ula tion  o f novel doughnut-shaped p a rtic les  
having a co ncen tric  double-ring appearance in th in  sections. By com paring 
the appearance o f these s truc tu res  and those previously observed by o ther 
workers (Morgan e t a l., 1968; N il e t a l., 1968a, b, c; Schwartz and 
Roizman, 1969; N ii, 1971a, b) w ith  the m u tan t b lo ck -tim e , the authors 
postu lated th a t the block causes the overproduction  o f m arginated 
chrom atin , nuclear membrane d is to rtio n , in tranuc lea r granular 
accum ulations, nucleocapsid-re lated s truc tu res, nuclear membrane 
redup lica tion , m od ified  ER, cytop lasm ic membrane redup lica tion  and the 
appearance o f e lectron-dense cored v irus p a rtic les . F u rthe rm ore , these 
observations probably re f le c t d if fe re n t stages in the norm al H S V -rep lica tive  
cycle . O ther investiga tions exam ining the assembly o f HSV v irions have
included the use o f HSV-2 m utants (Cabral and Schaffer, 1976;
Atkinson e t a l., 1978) and m etabo lic  inh ib ito rs  such as hydroxyurea (N ii 
e t a l., 1968b; Friedm an e t a l. , 1975) and cytocha lasin  B (M arciano-C abra l 
e t a l., 1977). EM studies have shown th a t HSV-2 produces tubu la r 
s tructures in the nuc le i o f in fec ted  ce lls  (M urphy e t a l. , 1967). K in e tic  
studies using m etabo lic  in h ib ito rs  suggest th a t these tubu la r s tructures are 
in term edia tes in v irus assembly ra the r than the re su lt o f aberrant capsid 
fo rm a tion  (Iwasaka e t a l. , 1979; Oda e t a l. , 1979).
I t  is not known how DN A is packaged in to  v irions . Stow e t al.
(1983) has dem onstrated th a t the a sequence, present a t the ends o f the
te rm ina l repeat regions and in inve rted  o rie n ta tio n  at the L-S jo in t, is 
involved. P igna tti and Cassai (1980) iso la ted  nuc leoprote in  complexes 
which included non-nucleosom al DNA w ith  capsid-like  s tructures a t one 
term inus. However, i t  is not c lear whether these s tructu res represent true  
in term edia tes in the encapsidation process or break-down products.
Once the D N A  is packaged, th is  nucleocapsid undergoes 
envelopment a t the inner nuclear membrane, the v irion  is then transported 
from  the perinuclear space to the outside o f the c e ll. Schwartz and 
Roizman (1969) proposed on the basis o f EM studies th a t the egress o f
virions from  the ce ll was via  a netw ork o f tubules thought to  be form ed in
in fected  cells connecting the perinuclear region w ith  the e x tra ce llu la r 
space. However, more lik e ly , egress o f v irions is via a reverse
phagocytosis (Morgan e t a l. , 1959), th a t is, envelopm ent occurs a t the inner 
nuclear membrane and egress is via transpo rt vesicles operating between 
the rough ER and the golgi and between the golgi and the ce ll surface. 
Evidence supporting the reverse phagocytosis proposal comes from
T a rta ko ff and Vassalli (1977, 1978) and Uchida et a l. (1979) using monensin,
an ionophore known to  block the transpo rt o f p rote ins from  the G olg i
apparatus to the ce ll surface, which also blocked the transport o f HSV
10
virions to  the ce ll surface causing the accum ula tion  o f in fec tious  v irions in 
abnorm ally large cytop lasm ic  vacuoles (Johnson and Spear, 1982).
I t  is possible a mechanism exists which prevents the adsorption o f 
progeny virus to  the ce lls fro m  which they have been released.
D issem ination o f in fe c tio n  could have a se lec tive  advantage i f  such a 
mechanism existed. Mapping studies (Tognon e t a l. , 1981) using an HSV-1 
non-le tha l m utant ind ica tes th a t a fun c tio n  encoded in the S component o f 
the genome m igh t p revent en try  o f progeny v irus in to  the in fec ted  ce ll. 
Virus spreads fro m  ce ll to  ce ll via the medium and also by d ire c t
c e l l  t o  c e l l  passage (S toker, 1958). While v ir tu a lly  a ll c lin ic a l isolates o f 
HSV cause rounding o f ce lls  a fte r  in fe c tio n  in tissue cu ltu re  some stra ins, 
a fte r passage in tissue cu ltu re , produce ce ll fusion or syncytia . The ce ll 
fusion process is gen e tica lly  determ ined and is discussed in more de ta il in 
Section 1.22.4.
1.5.2 La ten t in fe c tio n  by HSV
A ch a ra c te ris tic  fea tu re  o f herpesviruses is th e ir  a b ility  to  establish 
la tency a fte r a p rim ary  in fe c tio n . The virus may then period ica lly
re a c tiva te  from  its  la te n t sta te  at the same periphera l s ite . The
frecurrences are o ften  p re c ip ita te d  by a v e r i e t y  I s tim u li, g.g. excess 
exposure to sunlight (fo r reviews, see Stevens, 1975; Marsden, 1980; 
W ildy e t a l., 1982; H il l,  1985).
The presence o f HSV-2 DNA in la te n tly  in fec te d  mouse ganglia was 
dem onstrated by hybrid isa tion  techniques (Puga e t a l., 1978). HSV has 
been reac tiva ted  fro m  explanted ganglia cu ltu red  in v itro  (Stevens and 
Cook, 1971; Stevens, 1975; Warren et a l., 1977; A l-Saadi e t a l., 1983; 
Tullo  et a l., 1983). Stevens and Cook (1971) were unable to  de tec t v ira l 
antigens in la te n tly  in fec ted  mouse ganglia by im m unofluorescence. Using 
a general antiserum  to  HSV, Green e t a l. (1981a) were s im ila rly
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unsuccessful w ith  la te n tly  in fec ted  ganglia from  rabb its . However, by
using a m onospecific antiserum . Green et al. (1981b) dem onstrated the
presence o f the im m ed ia te -ea rly  polypeptide ICP4 (Vfviw^^^^ the nuclei
o f ganglionic neurons.
HSV m utants have been used to  investiga te  the mechanism of 
in the mouse
la tency |(Lo fg ren  e t a l., 1977; Watson e t a l., 1980; C lem ents and Subak- 
Sharpe, 1983; A l-Saadi e t a l. , 1983). These studies showed th a t expression 
o f the IE gene and at least one la te  gene was necessary fo r
la tency. By use o f T K " m utants o f HSV, i t  was shown th a t expression of
the TK gene is necessary fo r  e ff ic ie n t  establishm ent o f la tency (Tenser and 
Dunstan, 1979; Tenser e t a l., 1979).
1 .6  Herpesvirus D N A  re p lic a tio n
Both pseudorabies virus and herpes sim plex v irus have been 
extensive ly used to  investiga te  the re p lica tio n  o f herpesvirus DNA. Only a 
sm all p roportion  of the HSV genomes appear to ente r the re p lica tive  pool 
(Jacob and Roizman, 1977). The v ira l DNA is rep lica ted  sem i- 
conservative ly in the nucleus of the in fec ted  cells (Newton and Stoker, 
1958; Munk and Sauer, 1964; Kaplan and Ben-Porat, 1964). HSV DNA 
synthesis in BHK 21 ce lls begins at about 2h p os t-in fe c tion  (PI) and 
increases in ra te  u n til about 9-lOh PI (W ilk ie , 1973). Virus encoded 
enzymes known, so fa r , to  be involved in v ira l D N A re p lica tio n  include
DN A polymerase, ribonucleo tide  reductase, a lka line  deoxyribonuclease and 
the major D N A-b ind ing p ro te in  (see Section 1.8.4). R ep lica tion  begins a t a 
number o f sites, around the periphery o f the nucleus, which even tua lly  fuse 
to  occupy the en tire  nucleus (Rixon 82>)
The precise mode o f re p lica tion  remains unclear. V ira l D NA is
thought to c ircu la rize  fo llow ing  in fe c tio n , since c irc u la r DN A molecules o f 
u n it length have been id e n tif ie d  by EM (Schlomai e t a l., 1976; R ixon,
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1977; Friedman e t al», 1977; H irsch e t a l. , 1977; Jacob and Roizm an, 
1977; Ben-Porat and Veach, 1980) and th e re a fte r to  re p lica te , perhaps by
a ro lling  c irc le  mechanism (Jacob e t a l. , 1979). R e s tr ic tio n  endonuclease 
cleavage analyses show th a t te rm in a l D N A  fragm ents are less frequen tly  
generated fro m  in tra c e llu la r D N A  than fro m  v ir io n  D N A, which suggests 
th a t the m olecule is "endless", probably in the fo rm  o f head to ta i l
concatem ers (Jean and B en-P ora t, 1976; Jean e t a l., 1977; Ben-Porat and 
Tokuzewski, 1977; Ben-Porat and R ixon, 1977; Jacob et a l., 1979).
Two d if fe re n t o rig ins o f re p lica tio n  have been id e n tif ie d  in HSV-1 
DNA. One, designated ORI[_, is located w ith in  co-ord ina tes 0.407 and
0.429mu (Spaete and F renke l, 1982). The o the r, designated ORIs> is
present in dup lica te , one in each o f TRg and IRg. Both ORIg and G R I^ 
have been located in the HSV-1 genome, ORIg by de le tion  analysis o f HSV- 
1 DNA fragm ents cloned in to  a plasmid ve c to r (Stow, 1982; Stow and
McMonagle, 1983; M ocarski and Roizm an, 1982a) and ORI|_ by sequencing 
pu rified  fragm ent BamHI U fro m  class II d e fec tive  HSV-DNA (Gray and
Kaerner, 1984) and by c lon ing o f HSV-DNA sequences between co-ord inates 
0.398 and 0.413mu in to  a yeast cloning vec to r (W eller e t a l., 1985).
Stow and McMonagle (1983) have shown th a t the c is -ac ting  
sequences required fo r  D N A re p lica tio n  lay w ith in  a 90bp region which
contains a 45bp long pa lind rom ic  sequence th a t can fo rm  a ha irp in
struc tu re  (fig . 2). S im ila rly , W eller e t a l. (1985) have shown tha t
sequences required fo r  DNA re p lica tio n  lay w ith in  a 425bp fragm en t which 
contained a p e rfe c t 144bp pa lindrom ic sequence w ith  s tr ik in g  homology to 
ORIg (fig . 2).
1.7 Transcrip tion  o f H S V -D N A
V ira l DNA is transcribed  in the nucleus o f in fec ted  ce lls  by the 
host ce ll RNA polymerase II. This was dem onstrated by the observation
ori^  — AaCLG0 T&GGCCTÙüCC&CTAn*IAAAMAAÙlüAuA*Cbl.bAAOCüIU(,I.ACIHbICC1A*T*AUIA I Al AU AI 1 AbbAt AAAb Ibi GAAibi I UbCbl U TC AL T TT T111 AT AA1 AGCGbCCACGC CCAt CGbt 1- 
erlJ —CCCAAGGGGGCGGbGtLGC-CGbGTAAAAbAAblGAbAACbCGAAbLbTILbtAClICGtCCCAAlA-lATA lAIATTAIlAbbbi bAAblGLbAbLAbIbbLbttblGLLCGAC1CCGLGCCGGUCtGGGGOCGCGCtCGbb•
c g gggcg ggccgc 7AAAA AAGTGAbAALbCGAAbCGTTCbCACT1 GILL AAIA TATA TATATIATIAbb l AAbTbCbA C IT
CCACCCCOrr.iT.CGTCATCA
T A
GGAC
GC
TGC GG CT
GCG
C C
T
G
GCCT AG CC
C
c
Cc GCTACi
F IG U R E  2
Comparison o f sequences com pris ing  the orig ins o f re p lic a tio n  (ORI) in the
long Cl ) and short (S) com ponents o f the HSV-1 genome.
(a) The sequences in O R Il  and the sequences in  ORIs shown on 
the top and m idd le  lines, respec tive ly . Shared bases are shown on 
the bo ttom  line . The cen tre  o f sym m etry  (4  ) is ind ica ted .
(b) is a rep resen ta tion  o f the  palindrom e form ed  by the sequences a t 
ORI 3.
(c) is a rep resen ta tion  o f the  palindrom e fo rm ed  by the sequences a t 
QRIL-
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tha t H S V -transcrip tion  is sensitive throughout in fe c tio n  to  a lpha-am an itin , a 
spec ific  in h ib ito r o f euka ryo tic  RN A polymerase II (A lw ine  e t a l. , 1974; 
Ben-Zeev et a l., 1976). I t  is not known w hether R N A polymerase II is 
m od ified  during in fe c tio n . Naked HSV-DNA is in fec tious , ind ica ting  th a t 
unm odified RNA polym erase II can transcribe  the v ira l genome (Graham 
e t a l., 1973), however, i t  has been reported  th a t RNA polymerase a c tiv ity  
in in fec ted  ce lls  and un in fec ted  ce lls  d iffe rs  w ith  respect to  op tim a l 
conditions and reac tion  k ine tics  (Ben-Zeev e t a l. , 1976) suggesting th a t i t  
may indeed be m od ified .
Once tra n sc rip tio n  has occurred, the v ira l m R N A appears in the 
cytoplasm  about 10-15m in. la te r , where i t  becomes associated w ith  
polysomes (Wagner and Roizm an, 1969b). The v ira l tra nsc rip ts  undergo 
p os t-transc rip tiona l m o d ifica tio n s , in common w ith  most euka ryo tic  m RNAs. 
They are capped and m ethy la ted  a t th e ir 5' ends (Bartoski and Roizm an, 
1976; Moss e t a l., 1977). In te rna l m é thy la tion  has also been reported  
(Moss et a l., 1977). The cap-s ite  accura te ly  id e n tifie s  the tra nsc rip tion  
in it ia t io n  s ite . The 3' ends o f v ira l m RN A are polyadenylated 
(Bachenheimer and Roizm an, 1972), in common w ith  most eukaryo tic  
mRNAs. The poly A ta ils  vary in length fro m  30-200 bases (S ilve rs te in  
e t a l., 1973, 1976). The polyadenyla tion  signal A A T A A A  (P roudfoot and 
Brownlee, 1976) is loca ted about 20-30bp upstream fro m  the 3' end. A GT 
rich  sequence located about 30bp downstream o f the A A T A A A  signal is 
also thought to  play a ro le  in pos t-tra n sc rip tio na l processing o f m R N A 
(M cLauchlan e t a l., 1985).
Splicing has been noted in three IE and tw o la te  HSV-1 mRNAs to  
date. These are, the m RNAs o f the IE genes, lE l  (Perry, R ixon, E ve re tt, 
Frame and McGeoch, m anuscrip t in p reparation), IE4 and IE5 (Watson 
e t a l., 1981; Rixon and C lem ents, 1982), the m RN A fa m ily  transcribed  
from  the g lycopro te in  C gene (F rink  e t a l., 1981, 1983) and a 2.7kb HSV-1
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m RN A mapping between 0.185 and G.225mu which could encode a p ro te in  
w ith  an approxim ate size o f 75000 daltons (Costa et a l., 1985). The
in trons (sequences o f m RN A which are spliced out) conform  to the G T-----
AG ru le  fo r junc tion a l sequences (Breathnach e t a l., 1981).
1.7.1 Tem poral regu la tion  o f H S V -transcrip tion
H S V -transcrip tion  shows tem po ra l regu la tion  and the m RNAs have 
been d ivided in to  three  broad classes, im m ed ia te -ea rly  (IE or alpha), early 
(beta) or la te  (gamma), based on both th e ir k ine tics  and th e ir requ irem ent 
fo r D NA synthesis (F renke l and Roizm an, 1972; Swanstrom and Wagner, 
1974; C lem ents e t a l., 1977; Jones and Roizm an, 1979). The IE class 
does not require  de novo in fec te d  c e ll p ro te in  synthesis. The early  class 
requires p rio r synthesis o f IE polypeptides, but tra nsc rip tion  can take place 
in the absence o f DN A synthesis. The la te  mRNAs can be subclassified
according to w hether they can be detected p rio r to  DNA synthesis (beta- 
gamma) or only a fte r i t  (gamma) (Holland e t a l., 1980; see rev iew  by 
Wagner, 1985). The existence o f a t least fou r tem pora l tra nsc rip tion
classes was apparent fro m  studies w ith  ^  m utants o f HSV-1 (Watson and
C lem ents, 1978) and inh ib ito rs  o f p ro te in  synthesis and DNA re p lica tio n  
(C lem ents e t a l., 1977, 1979; Anderson e t a l. , 1980).
The genome locations o f the IE genes are shown in f ig . 3.
T ranscrip tion  o f these genes is pos itive ly  regu la ted by a component in the 
v irion  (Post e t a l., 1981; Mackem and Roizm an, 1982a; Cordingley e t a l. , 
1983; Batterson and Roizm an, 1983). The v ir io n  component was id e n tifie d  
as Vf^y^65 (Cam pbell e t a l., 1984). A t least three IE mRNAs (those coding 
fo r  V[viv\/175, V ^ y y llO  and \/^^\j^6Q) continue to  be synthesised t i l l  la te  
a fte r in fec tio n  (Anderson et a l., 1980). The synthesis o f the polypeptide
product o f IE m RN A 3 (V|v|v\/175) is required continuously throughout 
in fe c tio n  fo r the synthesis o f early  and la te  v ira l RNAs (Watson and
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F IG U R E  3
Genomic locations o f the known HSV-1 m RNAs. The data is taken from  
Wagner (1985) and Holland e t a l. (1984a). The top line  represents the 
fra c tio n a l genome length . The line below represents the HSV-1 genome in 
its  p ro to type  o rie n ta tio n  as described in f ig . 1. The arrows represent 
genomic locations and o rien ta tions  o f the im m ed ia te  early  (IE), early  (E), 
and delayed early  (DE) or la te  (L) m RNAs o f HSV-1 and HSV-2. Above 
the arrows representing the IE m RNAs is shown the apparent MW (x lO "^), 
estim ated fro m  SDS-PAGE o f the  tra ns la tio n  product o f th a t m R N A.
15
C lem ents, 1980). The IE genes have a consensus sequence, TA A TG A R A T, 
as an upstream  e lem ent 5 to the ir p rom ote r reg ion. The consensus sequence 
is thought to  act in the co -o rd ina te  expression o f these genes (W hitton  and 
C lem ents, 1984; Preston et a l., 1984a). F ig . 4 is a representation o f the 
general s tru c tu re  o f an HSV gene.
Studies w ith  ^  m utants have dem onstrated th a t the IE polypeptide 
V[vj\|\/175 is required to  prom ote tra n sc rip tio n  o f E m RNAs (Preston, 1979a; 
Watson and C lem ents, 1978, 1980; D ixon and S chaffer, 1980). E vere tt 
(1984b) presented evidence showing th a t only the IE polypeptide V[vlW^^^ 
on its  own ac tiva tes  tra n sc rip tio n  o f early genes, but th a t a com bination 
of the IE polypeptides, V ^ v ^ l7 5  and is a much b e tte r a c tiv a to r
than V[Y|y\/175 on its  own. More re ce n tly , O 'Hare and Hayward (1985) and 
Quinlan and Knipe (1985) constructed  plasmids w hich dem onstrate th a t the 
V|vjw175 and the VfyjyiyllO polypeptides each possess the a b ility  to s tim u la te  
expression o f early  genes. This apparent c o n f lic t  o f results may be a 
consequence o f the systems used by the authors who each examined the 
a c tiva tio n  o f d iffe re n t HSV early  gene prom oters. E ve re tt (1984b) 
suggested th a t v ira l IE gene products m igh t in te ra c t w ith  sequences 
involved in general p rom oter a c tiv ity  such as the T A TA  box. Since such 
sequences are not iden tica l in a ll p rom oters, a given IE gene product could 
ac tiva te  d iffe re n t prom oters to d if fe re n t exten ts .
The approxim ate locations o f a t least tw en ty  early  HSV-1 m RNAs 
are known (Holland e t a l., 1979, 1980, 1984a) and, a t la te  tim es, about 
fo r ty  HSV-1 mRNAs can be detected (Anderson e t a l., 1979; reviewed by 
Wagner, 1985) ( fig . 3). However, the polypeptide  products and the genome 
locations have been rigorously determ ined fo r only a few  species. 
R ecently, Rixon and McGeoch (1985) have analysed the mRNAs which map 
w ith in  the Ug component o f the HSV-1 genome. Analysis by N orthern  
b lo ttin g  defines th irte e n  m RN A species, eleven o f which are arranged in to
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F IG U R E  4
Representation o f a general s truc tu re  fo r  an HSV-encoded early  (beta) or 
la te  (gamma) gene. Each s tru c tu ra l gene has its  own prom oter which 
contains sequences essentia l fo r  in it ia t io n  and co n tro l o f levels o f m RN A. 
For gD-1 these sequences extend 83bp upstream  o f the m RN A s ta r t s ite  
and include a T A TA  box (Breathnach and Chambon, 1981; Benoist e t a l., 
1980; E fs tra tiad is  e t a l., 1980), usually loca ted about 20bp upstream of 
the m RNA s ta rt s ite , and may include G -rich  and A C -rich  sequences 
thought to be im p o rta n t fo r the a c tiva tio n  o f tra n sc rip tio n  (E ve re tt, 1983). 
The polyadenyla tion signal is located about 20bp before the end of the 
m RNA. The consensus sequence YG TG TTYY (where Y = pyrim id ine ) is 
thought to  play a ro le  in pos t-tra n sc rip tio na l processing o f the 3' term inus.
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fou r nested fam ilie s . P reviously, the D N A sequence o f the Ug component 
o f the HSV-1 genome had been determ ined (McGeoch et a l., 1985) from  
which tw e lve  genes were p red ic ted , six o f which were previously unknown. 
H ybrid isa tion  experim ents enabled each o f the th ir te e n  mRNAs to  be
assigned to  the tw e lve  p red ic ted  genes in Ug (f ig . 5).
This is the f ir s t  description o f the tra n sc rip tio n  pa tte rn  o f an
extensive region o f the HSV-1 genome fo r  which the com plete  DNA 
sequence is known. Some o f the ind iv idua l m RNAs had been mapped
previously. The m RNAs fo r  gene U S l and gene US12 (encoding IE68 and 
IE12, respective ly ) were mapped by C lem ents e t a l. (1979) and Anderson
et al. (1980), the m RN A fo r  gene US6 (gD) was mapped by Lee et al. 
(1982b) and Watson e t a l. (1982) and the m RNAs fo r genes USIO (21K) and 
U S ll (33K) were mapped by Lee e t a l. (1982b). Two other mRNAs 
mapping in the short region were id e n tif ie d  by Lee et al. (1982b), one 
specified trans la tion  o f a 42K polypeptide, maps to  the le f t  o f gD and may 
be the trans la tion  product o f gene US4, the o the r m RNA specified 
trans la tion  o f a 55K polypeptide, co-maps w ith  gD and may be the 
trans la tion  product o f gene US7.
Four mechanisms have been described whereby nested " fa m ilie s " o f 
HSV-mRNAs can be generated: (1) secondary prom oters close to  each
other, (2) in te r io r prom otion  w ith in  the sequences encoding another 
m RNA, (3) the use o f a lte rna tive  poly A sites, and (4) sp lic ing  (fo r 
rev iew , see Wagner, 1985). The tra n s c r ip t form ed by one o f these
mechanisms, encode pro te ins which have been shown to  be fun c tio na lly
re la ted . Two m RNAs which share 3’ te rm in i are transcribed  from  the
genes encoding the (143) and Vfviw^® polypeptides (M cLauchlan
and C lem ents, 1982, 1983). These tw o polypeptides have been shown to  be 
involved in the HSV-1 ribonucleo tide  reductase a c tiv ity :  the la rger one
being an essential cons tituen t o f the enzyme (D utia , 1983; Preston e t a l.,
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Summary o f the m R N A  mapping data o f the short region o f the HSV-1 
genome (from  Rixon and McGeoch, 1985). The short unique component 
(Ug) and p a rt o f the adjacent in ve rted  repeat regions o f the HSV-1 genome 
is represented. The scale is in kilobases (kb) fro m  1 a t the IR g/U g 
junction  to 13kb jus t inside TRg. The numbers id e n tify  the 12 genes 
pred icted  by analysis o f DNA sequence data (McGeoch e t a l., 1985). The 
boxes represent the coding region o f these genes. Those boxes which are 
cross-hatched are p red ic ted  to  be g lycopro te ins. The arrow  represents the 
map loca tion  and d ire c tio n  o f tra n sc rip tio n  o f the m RNAs. The p ro te in  
designation, where known, is ind icated below the m R N A, fo r exam ple, fro m  
mapping data discussed elsewhere in the te x t,  i t  is believed th a t gene 8 
encodes gE and gene 11 encodes the V f^ iw ^ l p ro te in  which binds to  the a 
sequence (D a lz ie l and Marsden, 1984).
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1984b) and the sm a lle r one fo rm ing  a com plex w ith  the la rge r (Fram e
et a l., 1985). This observation raises the poss ib ility  th a t the trans la tion
cXhex'
products w ith in  some [nested fa m ilie s  o f m RNAs described by R ixon and
McGeoch (1985) may also be fu n c tio n a lly  re la ted .
1.8 HSV p ro te in  synthesis
1.8.1 Regulation o f synthesis o f HSV-induced p ro te ins
Honess and Roizm an (1974) made use o f m etabo lic  in h ib ito rs  to  
show th a t the synthesis o f HSV-induced polypeptides is  tem pora lly  
regulated. The authors proposed a cascade regu la tion  o f synthesis whereby 
the v irus-spec ific  pro te ins can be divided in to  three groups te rm ed alpha 
(im m edia te -early , IE), beta (early) or gamma (la te ) by the c r ite r ia  o f 
maximum ra te  o f synthesis and dependence on p rio r v ira l p ro te in  or DNA 
synthesis.
The IE polypeptides are synthesised w ith o u t p rio r v ira l p ro te in  or 
DNA synthesis and are synthesised m ax im a lly  between 2h and 4h PI. Five 
m ajor IE polypeptides have been id e n tifie d  in HSV-1 in fec te d  cells, 
Vfviwl'75, V|v|\A/110, V(viw68 and V ^ w ^ ^  (Honess and Roizm an, 1974; 
Pereira et a l., 1977; Preston e t a l., 1978; Fenw ick e t a l., 1980) and 
(Watson et a l. , 1979; Marsden e t a l., 1982).
In the o rig ina l scheme proposed by Honess and Roizman (1974), the 
synthesis of early polypeptides requires p rio r synthesis o f IE polypeptides 
and new RNA synthesis, early polypeptides are synthesised at m axim al
ra tes 5-7h PI and a t decreasing ra tes th e re a fte r. These authors suggested 
tha t the early polypeptides are involved in reducing the synthesis o f IE
polypeptides and also in the regu la tion  o f la te  polypeptides. By exam ining 
the e ffe c t of ^  m utations in the gene encoding the early  polypeptide 
V|viw^^^' (130) which is the m ajor DNA binding p ro te in , Godowski and 
Knipe (1983, 1985) showed tha t this polypeptide is invo lved in these
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functions.
Late polypeptides are synthesised at increasing ra tes u n til a t least 
12h PI and th e ir synthesis requires p rio r synthesis o f early  polypeptides and 
v ira l DNA synthesis. Honess and Roizman (1974) suggested th a t the la te  
polypeptides reduce the synthesis o f early  polypeptides.
The c lass ifica tion  is not e n tire ly  sa tis fa c to ry  since some pro te ins in 
the early class are expressed under IE conditions in H SV-in fected human 
fo e ta l lung (HFL) ce lls (M cDonald, 1980). Also, o the r p ro te ins, e.g. gB-1 
and gD-1 do not f i t  nea tly  in to  the c la ss ifica tion  scheme o f Honess and 
Roizman (1974). gB-1 and gD-1, like  early  polypeptides, are synthesised
during in te rm e d ia te  stages o f the re p lic a tiv e  cycle  and can 
be expressed in the absence o f v ira l DNA synthesis, but like  true  la te  
polypeptides, are synthesised at m axim al ra tes only a fte r  D N A  synthesis 
(Gibson and Spear, 1983). Such polypeptides have been term ed beta - 
gamma, ea rly -la te  or delayed-early (Wagner, 1985). D ata by Marsden 
et al. (1976) from  analysis o f the polypeptides produced by sixteen ^  
m utants o f HSV-1 provided fu r th e r in fo rm a tion  as to  the co n tro l o f 
virus polypeptide synthesis. These authors showed th a t the v irus-induced 
polypeptides can be grouped in to  nine classes based upon the requ irem ent 
o f each polypeptide fo r DNA synthesis by each o f the m utants.
1.8.2 Number o f HSV-encoded prote ins
More than f i f t y  H S V -l-induced  polypeptides have been detected  by 
one-dimensional SDS-PAGE (Honess and Roizm an, 1973; Pow ell and 
Courtney, 1975; Marsden e t a l. , 1976). Analysis o f p u rifie d  v irions has 
id e n tifie d  33 of these polypeptides as s tru c tu ra l (Heine e t a l., 1974; 
Marsden et a l., 1976). Haarr and Marsden (1981) have used the technique 
o f two-d im ensional (2-D )-PAG E to  show 230 v irus-induced polypeptides 
present in H S V -l-in fe c ted  ce lls . Many of these polypeptides are re la ted
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through post-trans la tiona l m o d ifica tions , fo r  exam ple, a t least tw e lve  o f 
the polypeptides are in te rm ed ia tes  in the synthesis o f gD, however, i t  is 
like ly  th a t a t least some o f the polypeptides only resolved by 2-D -PAG E 
w ill represent new gene products.
Investigators have used a v a rie ty  o f methods to  establish th a t the 
proteins synthesised by HSV-1 and HSV-2 are fu n c tio n a lly  com parable. 
These methods include com plem enta tion  between m utants o f HSV-1 and
HSV-2 (T im bury and Subak-Sharpe, 1973), iso la tion  o f in te r ty p ic  
recom binants (T im bury and Subak-Sharpe, 1973; W ilk ie  e t a l., 1977; Morse 
et a l., 1977; Preston e t a l., 1978), in te r ty p ic  m arker rescue (Stow, 1978) 
and cross-neutra lisa tion  tests (K illin g to n  e t a l. , 1977).
I t  is like ly  tha t the  num ber o f known HSV-encoded polypeptides w il l  
increase since studies on the sequence o f the HSV genome w il l  help to  
p red ic t polypeptides which were previously undetected because o f th e ir  low  
abundance in the in fec ted  ce ll.
(a) Genomic loca tion  o f HSV-induced polypeptides
The polypeptide p ro files  on SDS-polyacrylam ide gels o f HSV-1- and 
HSV-2-infected cells are very s im ila r, but not id e n tica l (Cassai e t a l., 
1975; K illin g to n  et a l., 1977). The a b ility  to recognise a given 
polypeptide as being o f type 1 or type 2 and the analysis o f in te r ty p ic  
recom binants has enabled many HSV-induced polypeptides to  be mapped 
onto the genome (Marsden e t a l., 1978, 1984; Morse e t a l. , 1978;
Ruyechan et a l., 1979). R e s tric tio n  enzymes were used to determ ine fro m  
which parenta l serotype (HSV-1 or HSV-2) each region o f the recom binan t 
genome orig ina ted. O ther techniques used to locate  genes encoding HSV- 
induced polypeptides include in v itro  trans la tion  o f se lected mRNAs 
(Docherty et a l., 1981; Lee e t a l., 1982b) and hyb rid -a rres t o f tra ns la tio n  
(Preston and McGeoch, 1981; D ocherty  e t a l., 1981). Extensive sequencing
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of the HSV-genome is cu rre n tly  underway and has located many genes 
precisely, inc lud ing  some which were p reviously un iden tified  (see Section 
1.7.1). F ig . 6 is a summary o f the mapping data fo r those pro te ins which 
have not been described elsewhere in th is  thesis (see figs . 3, 5, 7 and 17).
1.8.3 P os t-trans la tiona l m od ifica tions
A t least fou r types o f p o s t-tra n s la tio n a l m o d ifica tions  are known to  
occur in  HSV-induced polypeptides. These are g lycosy la tion  and sulphation 
which w il l be discussed in d e ta il in C hapter 1, Section C, and 
phosphorylation and cleavage.
(a) Phosphorylation
There are 16 HSV-1 and 18 HSV-2 phosphorylated polypeptides
which can be detected in in fec te d  ce lls  (Marsden e t a l. , 1978; Pereira  
e t a l., 1977; W ilcox et a l. , 1980). The id e n tif ie d  phosphorylated 
polypeptides are lis ted  in Table 2. The map loca tions o f some o f them
are ind icated in f ig . 6 and f ig . 7. W ilcox e t a l. (1980) dem onstrated th a t
phosphate cycles on and o ff  some H S V -l-induced  polypeptides, ICP4 (IE175), 
IC P6 (V^YV^^^' (143)), ICP22 (IE 68) and ICP27 (IE63) and tha t i t  can a lte r 
the a ff in ity  o f HSV-1 V ^ \^1 3 6 ' (143) and HSV-2 V^vy57 ' (57) fo r  D N A . 
W ilcox e t al. (1980) also observed IE175 was phosphorylated during a pulse 
labe l, whereas IE68 and IE63 were phosphorylated only a fte r a subsequent 
chase period. The authors concluded th a t IE 68 and IE63 were 
phosphorylated e ithe r by a d iffe re n t v ira l or ce llu la r phosphoprotein ac ting  
as a phosphate donor, other than th a t which phosphorylates IE175, or by
using phosphate fro m  d iffe re n t pools.
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Genome loca tions o f HSV-polypeptides which are not dea lt w ith  elsewhere 
in th is study. The scale at the top represents the fra c tio n a l genome
length (mu). Below the scale is a representation  o f the HSV genome, long 
(L) and short (5) components are ind icated , in the p ro to type  con figu ra tion . 
The shorter h o rizon ta l lines represent the physical map locations o f some
polypeptides. The numbers above the lines are the apparent MW (xlO -3)
estim ated from  SDS-PAGE (Marsden et a l., 1978). The map locations of 
the genes encoding o ther v ira l polypeptides are ind ica ted  as fo llow s:
IE polypeptides - f ig . 3; m eth ion ine-labe lled  polypeptides 
including regu la to ry  and s tru c tu ra l pro te ins and enzymes -
f ig . 7; phosphorylated polypeptides (table  2) e ithe r have 
enzym ic functions (see Section 1.8.4) or are IE polypeptides 
(see f ig . 3); g lycopro te ins - figs . 5 and 17.
TA B L E  2
H SV-1 H S V -2
Vm W® IC pb Vm W IC pb
175 4 182 4
1 3 6 '(1 4 3 ) 6 1 3 8 '(1 4 4 ) 6
117 11 118 11
87 90
85 19 84 19
82 82
68 22 67 22
6 5 '(6 5 ) 25 6 5 '(6 6 ) 25
6 5 '(5 5 ) 6 5 '(6 4 ) 26
63 27 6 5 '(6 1 ) 27
58 57 ’ (57 ) 
5 7 '(5 6 )
29c
45 38
38 ' 36 ' 41
36 35
32 32
28 44 29 .5
21 20
^ apparent MW (x lO "^), Marsden et a l. (1978)
^ in fec ted  ce ll po lypeptide , W ilcox et a l. (1980)
^ ICP29 is s p lit in to  two bands in some gels
TA B LE  2
Comparison o f nom enclature fo r some HSV-1 and HSV-2 phosphorylated 
polypeptides. The comparison is based on p ro te in  p ro files  o f ^^P -labe lled  
HSV-infected cells resolved on 9% SDS-polyacrylam ide gels cross-linked 
w ith  d ia lly lta rta rd ia m id e . I t  should be noted th a t labe lling  tim es used by 
each author were d iffe re n t, the re fo re , some phosphorylated polypeptides are 
observed by one set o f authors, but not by the o the r. Also, the s tra in  o f 
virus used and the type of cells in which the v irus is grown may a ffe c t 
the degree o f phosphorylation.
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(b) Cleavage
A number o f HSV-encoded prote ins undergo pos t-trans la tiona l
cleavage. These include the large subunit o f the ribonuc leo tide  reductase 
complex (143), which yie lds tw o  polypeptides o f apparent MW
100000 and 90000, Viviw63 w hich yie lds a 26000 po lypeptide  and IE175 and 
lE llO , though the products o f these could not be id e n tif ie d  (M cDonald,
1980). Breakdown was a ttr ib u te d  to  p ro te o ly tic  cleavage since i t  did not 
occur in the presence o f the p ro te o ly tic  in h ib ito r tosy lphenylch lo rom ethy l 
ke tone ’ (TPCK). I t  is not known w hether cleavage o f these polypeptides
has any b io log ica l s ign ificance . P ro te o ly tic  cleavage also occurs during 
processing o f the HSV g lycopro te ins (see Section 1.20.5).
1.8.4 Functions o f the  HSV-induced polypeptides
HSV encodes a number o f enzymes invo lved in its  re p lica tion .
Those enzymes which are encoded by the v irus are: (1) a lka line
deoxyribonuclease (M orrison and K e ir, 1968), (2) deoxy nucleoside
pyrim id ine  kinase (TK) (K it  and Dubbs, 1963; Jamieson et a l., 1974), 
(3) DNA polymerase (K e ir and Gold, 1963), (4) ribonuc leo tide  reductase
(Cohen, 1972), (5) deoxyurid ine triphosphate  nucleotidylhydro lase
(Caradonna and Cheng, 1981). A number o f enzymes which, as ye t, are 
only known to  be virus-induced include (6) u ra c il DNA-glycosylase 
(Caradonna and Cheng, 1981), (7) cyc lic  AM P independent p ro te in  kinase 
(Blue and Stobbs, 1981) and (8) topoisomerase (B iswal e t a l., 1983).
Since some HSV-induced polypeptides bind to  D N A, i t  m igh t be 
expected th a t they have enzym ic a c t iv ity .  Sixteen HSV-1 DNA binding 
proteins have been id e n tif ie d  by Bayliss e t a l. (1975). For some o f them , 
i t  is known w hat they do, fo r exam ple, V^^\y85 is the a lka line
deoxyribonuclease (Section 1.8.4 (a)), V[vjy\/65 is lik e ly  to  be the
topoisomerase (Section 1.8.4 (e)) and V(viw43 is the TK  (Section 1.8.4 (b)).
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Another subset o f HSV-induced polypeptides which m igh t be 
expected to have regu la to ry  a c tiv ity  are the IE polypeptides. As already 
m entioned, tw o o f these, IE175 and lE llO , have been shown to  s tim u la te  
tra nsc rip tion  o f early  genes (E ve re tt, 1984b; O'Hare and Hayward, 1985; 
Quinlan and Knipe, 1985). A summary o f the mapping data o f some o f 
these enzymes and regu la to ry  prote ins is shown in f ig . 7.
(a) A lka line  deoxyribonuclease
Cells in fec ted  w ith  HSV exh ib it an increase in a c tiv ity  o f a 
deoxyribonuclease which has an a lka line  pH optim um  (K e ir and Gold, 1963; 
K e ir, 1968). Experim ents w ith  p a rtia lly  p u rifie d  enzyme ind ica ted  th a t i t  
had exonuclease a c tiv ity  spec ific  fo r  D N A (M orrison and K e ir, 1968). 
H igh ly p u rified  enzyme contained both exo- and endonuclease a c tiv ity  and 
to  have an apparent MW o f about 68000 (68K) (H o ffm an  and Cheng, 1978, 
1979). The enzyme pu rified  by S trobe l-F id le r and Francke (1980) was 
composed o f at least fou r polypeptides ranging fro m  70K to  90K. Moss 
e t al. (1979) mapped the enzyme a c tiv ity  to between 0.12 and 0.21mu. 
In v itro  trans la tion  studies showed th a t a m ajor p roduct o f th is  area o f the 
genome encodes an 85K polypeptide (Preston and C ord ing ley, 1982). More 
re ce n tly , i t  has been dem onstrated by in v itro  tra ns la tio n  o f selected 
m RN A tha t a 2.3kb m R N A which maps between 0.16 and 0.176mu encodes 
the exonuclease a c tiv ity  and th a t the m RN A encodes a polypeptide o f 82K 
(Costa e t a l., 1983). Banks et al. (1983) confirm ed th a t the \/^\^Q5  
polypeptide (ICSP22, ICP19) was responsible fo r the nuclease a c t iv ity .  The 
authors made use o f monoclonal antibodies d irec ted  against the 85K 
polypeptide to  neutra lise  enzym ic a c t iv ity .  The enzyme a c tiv ity  is 
essential fo r v ira l-D N A  re p lica tion  ( Moss e t a l., 1979).
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Genome locations o f HSV-induced regu la to ry  pro te ins and enzymes. The
figu re  shows a represen ta tion  o f the HSV genome as described in f ig . 6. 
The solid boxes represent th a t pa rt o f the genome encoding a p ro te in , 
precise map co-ord inates can be found in the te x t. Those HSV O P^F s 
w ritte n  above the genome s truc tu re  have been sequenced, those HSV 
o a f ' s  w ritte n  below the genome s truc tu re  have not been sequenced and 
the enzymes named a t the bottom  o f the figu re  have not ye t been shown 
to be v ira l coded. A ll the prote ins mapped onto the genome are 
phosphorylated except TK , DNA polymerase and the m ajor D N A binding 
p ro te in .
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(b) Deoxynucleoside py rim id ine  kinase (TK)
When T K - ce lls  are in fec te d  w ith  HSV, TK  a c t iv ity  increases; th is
increase is due to  a v ira l enzyme (K it  and Dubbs, 1963). The enzyme
a c tiv ity  is induced a t about 2h a fte r  in fe c tio n  and increases t i l l  8h a fte r  
in fe c tio n . Compared w ith  the host a c t iv ity ,  the  v iru s -sp e c ific  enzyme has 
a low pH optim um , a low  K m , is re la t iv e ly  insens itive  to  in h ib itio n  by 
thym id ine  triphosphate  and is no t ra p id ly  in a c tiva te d  by incubation  a t 40°C  
(K lem perer e t a l. , 1967). The enzyme phosphorylates both thym id ine  and 
deoxycytid ine  using the same a c tive  s ite  (Jamieson and Subak-Sharpe, 
1974). The gene encoding TK  a c t iv ity  maps between co-o rd ina tes 0.300 
and 0.309mu (H a llib u rto n  e t a l. , 1980) and has been sequenced (M cK n igh t, 
1980; Wagner e t a l., 1981; D. McGeoch, unpublished data). I t  was 
o rig ina lly  reported  th a t the  ac tive  enzyme consists o f a d im er o f id e n tica l 
subunits, 42000 daltons each (Jamieson and Subak-Sharpe, 1974; Cheng and 
Ostrander, 1976).
R ecently  Preston and McGeoch (1981) showed th a t hyb rid -a rres ted  
trans la tion  yie lded tw o  polypeptides o f apparent MW 43K and 39K. Using 
the higher resolving a b ility  o f 2-D  PAGE, th ree  polypeptides are trans la ted  
from  a single m RN A using three  in-phase in it ia t io n  codons (Marsden e t a l. , 
1983; Haarr e t a l., 1985). The 39K polypeptide  has a c t iv ity  since the
HSV-1 s tra in  1 in which the f i r s t  AUG codon is deleted, has TK
a c tiv ity  (H aarr e t a l., 1985). I t  is not known, however, i f  the 38K 
polypeptide has TK a c t iv ity .
(c) D N A polym erase
K e ir and Gold (1963) detected  an H S V -l-induced  DNA polym erase 
a c tiv ity  in in fec ted  ce lls  which d iffe re d  fro m  th a t o f the  host ce ll w ith  
respect to its  heat s ta b il ity ,  magnesium requirem ents and its  a b ility  to  use 
d iffe re n t DN A prim ers. K e ir e t a l. (1966b) suggested th a t the enzyme was
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v iru s -sp e c ific  since i t  was inh ib ite d  by antiserum  to  v iru s -in fe c te d  ce lls . 
S im ila r resu lts  have been obtained fo r  HSV-2 (Hay e t a l., 1971; P urifoy 
and Benyesh-M elnick, 1974, 1975). The D N A polymerase o f HSV is 
sensitive to  phosphonoacetic acid (PAA) (Mao e t a l., 1975; Leinbach 
e t a l., 1976 Hay and Subak-Sharpe ; 1 9 7 6 ) ,
The HSV-2 DN A polym erase has been p u r if ie d  (Pow ell and P urifoy , 
1977; Vaughan e t a l., 1985) and has an apparent MW estim ated fro m  SDS- 
PAGE to  be about 150K. These authors observed th a t another polypeptide 
o f apparent MW 54K co -p u rifie s  w ith  the enzym e. These observations are 
consisten t w ith  those made by Pow ell and P urifoy  (1977), K nopf (1979), 
Derse e t a l. (1982) who showed th a t the p u r if ie d  HSV-1 enzyme consisted 
o f a m ajor polypeptide  o f apparent MW 150K and a t least one other 
po lypeptide .
HSV-DNA polymerase has been shown to  possess, in add ition , a 3'-5' 
exonuclease a c tiv ity  (K nopf, 1979). Vaughan e t a l. (1985) investiga ted  the 
fun c tio n  o f the 54K polypeptide which co -p u rifie s  w ith  the HSV-2 DNA 
polymerase but ne ithe r a m onoclonal antibody d irec ted  against the 54K 
po lypeptide  nor a po lyc lona l H S V -2-specific  antiserum neutra lised the 3'-5' 
exonuclease a c t iv ity .  The authors also mapped the ta rg e t antigen (54K) 
w ith  a monoclonal antibody using an im m unoperoxidase assay to  between 
0.525 and 0.647mu. These co-ord ina tes are d is tin c t fro m  the map position 
fo r  DNA polymerase a c tiv ity  (0 .400-0.418mu), which was mapped by 
in te r ty p ic  m arker rescue using ^  m utants and PAA res is tan t (PAA^) 
m utants (C hartrand e t a l., 1979, 1980). The region encoding the DNA 
polymerase o f HSV-1 was located and the gene has been sequenced by 
Quinn (1984) and Gibbs e t al. (1985). The p red ic ted  MW o f the polymerase 
p ro te in , 136,664, is com patib le  w ith  the observed apparent MW on SDS 
gels.
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(d) R ibonuc leo tide  reductase
The HSV-induced ribonuc leo tide  reductase a c t iv ity  d iffe rs  fro m  the 
host c e ll enzym e a c tiv ity  in a num ber o f ways (Cohen, 1972). 
C oncentra tions o f dTTP and dATP which com p le te ly  in h ib it the host 
enzyme a c t iv ity ,  do no t in h ib it the v ira l enzym e a c t iv ity  and unlike the 
host enzym e, the v ira l enzyme has no absolute requ irem en t fo r Mg++ 
(Ponce deLeon e t a l. , 1977; Lange lie r e t a l. , 1978; Huszar and B acch e tti,
1981).
D u tia  (1983) made use o f an HSV-1 ^  m u tan t G to  show th a t the 
enzyme is v ira l coded. She detected  v ira l enzyme a c tiv ity  in ce lls  
in fec ted  w ith  th is  m u tan t at the perm issive tem pera tu re  (PT), but not a t 
the non-perm issive tem pera tu re  (NPT). Preston e t a l. (1984b) constructed 
an HSV-1 ^  m u tan t, 17 ^  VP1207 ( ^  1207) by c lon ing the ^  m u ta tion  o f 
ts G in to  w ild  type  HSV-1. The ^  lesion in ^  1207 was found to  map 
between co -o rd ina tes  0.580 and 0.585mu w ith in  the s tru c tu ra l gene fo r 
YIv|v\/136' (143). The lesion resu lts in a the rm o lab ile  enzyme a c tiv ity  
id e n tify in g  V ^ \/y l3 6 ' (143) as an essentia l com ponent o f the v ira l enzyme 
a c tiv ity . I t  was also observed (Preston e t a l. , 1984b; B acche tti e t a l. ,
1984) th a t a 38K polypeptide co -p u rifie s  w ith  the V |^y^ l36 ' (143)
polypeptide. S im ila r observations were made fo r  the HSV-2 enzyme 
a c tiv ity  (B acche tti e t a l., 1984; Huszar and B acch e tti, 1981).
R ecen tly , F ram e et a l. (1985) dem onstra ted th a t Vfviv\/136’ (143) and 
Viy)w38 fo rm  a com plex in in fec ted  ce lls . They used the HSV-1 m utan t 
1207 and showed th a t a monoclonal antibody d ire c ted  against the V ^y /1 ^6 ' 
(143) and an o ligopeptide-induced antiserum  d irec ted  against the carboxy- 
term inus o f the  V^\/y38, im m unoprec ip ita ted  both polypeptides at the PT, 
but only the po lypep tide  against which the antibodies were d irected  at the 
NPT. The authors concluded th a t V|Y^\^136' (143) and V^/|W^® fo rm  a 
complex and th a t the ^  m u ta tion  in Vfv]yyl36' (143) resu lts  in the com plex
26
being unable to  fo rm  a t the NPT. They fu r th e r speculated th a t com plex 
fo rm a tio n  was necessary fo r  enzyme a c t iv ity .  The ro le  o f Vfviw^S in 
enzyme a c t iv ity  rem ains to  be dem onstra ted. They proposed the term s r r i  
and rr£  fo r  the large and sm all subunits, resp ec tive ly .
(e) Topoisomerase
Topoisomerases re lax  supercoiled D NA by breaking the 
phosphodiester backbone o f DN A then resealing the fre e  D N A ends (fo r 
rev iew , see Champoux, 1978; G e lle rt, 1981, L iu , 1983). Type I 
topoisomerases cata lyse the breaking and re jo in ing  o f one strand o f DNA 
at a tim e , w h ile  type II topoisomerases ca ta lyse double-strand breaks 
(G e lle rt, 1981; L iu , 1983). The type  I and type  II enzymes can be 
distinguished by the requ irem en t o f type II, but not type I, fo r  ATP and 
M gC l2 (M arin i e t a l., 1980).
B iswal e t a l. (1983) reported  a topoisomerase a c t iv ity  which co­
p u rifie d  w ith  HSV-induced D N A polym erase. These authors suggested th a t 
the topoisomerase a c t iv ity  is v irus-induced, since e x tra c ts  derived fro m  
ce lls in fec te d  a t the PT, but not the NPT, w ith  the early  regu la to ry  
m utants o f HSV-1, tsK  and tsB2, contained a c t iv ity .  Leary and Francke
(1984) presented evidence th a t HSV-induced a topoisomerase a c tiv ity ,  as 
assayed by ca tena tion  o f DNA. M u lle r e t al. (1985) showed th a t the 
enzyme a c tiv ity  is associated w ith  p u rified  v irions, being loca lised outside 
the nucleocapsid and th a t since the enzyme had no requ irem ent fo r ATP or 
M gC l2> i t  was a type  I topoisom erase.
Topoisomerases are known to  a lte r levels o f tra n sc rip tio n  (N orth ,
1985). The poss ib ility  th a t the 65K p ro te in  which s tim u la tes  tra n sc rip tio n  
fro m  IE genes (C am pbell e t a l., 1984, see Section 1.7.1) and the co- 
m ig ra ting  65K D N A binding p ro te in , DBP4 ca lled 62K in the  study o f 
Bayliss e t al. (1975) (see Section 1.8.4 (g)) were one and the same p ro te in
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and th a t the p ro te in  acted by having topoisomerase a c t iv ity  is cu rre n tly  
under in ves tiga tion  in  the labora to ries o f H.S. Marsden, C .M . Preston, 
D. Parris and M. M u lle r (m anuscripts in p repara tion). Im m unolog ica l and 
b iochem ica l evidence was obta ined to  show th a t the  tw o  65K pro te ins are 
d iffe re n t and th a t the re  is a close, but not proven, association between the 
65K DNA binding p ro te in  and topoisomerase a c tiv ity .
(f) D eoxyurid ine  triphosphate  nuc leo tidy lhydro lase  (dUTPase)
The dUTPase catalyses the hydrolysis o f dUTP to  dUMP. As a 
consequence o f th is  re a c tion , the enzyme m inim ises inco rpo ra tion  o f dUTP 
in to  DNA and provides a supply o f dUMP which can be converted in to  
TMP by thym id y la te  synthetase.
A fte r  in fe c tio n  w ith  HSV, the a c tiv ity  o f dUTPase increases 
(Wohlrab and Francke, 1980; Caradonna and Cheng, 1981) and the new 
a c tiv ity  can be d istinguished fro m  th a t o f the host by several c r ite r ia .  
F irs t, the v ira l-induced  enzyme, unlike the host enzyme, is ac tive  a t +4°C 
(Caradonna and Cheng, 1981; W illiam s, 1984). Second, non-denaturing gel 
e lectrophoresis o f e x tra c ts  derived fro m  HSV-1- and H SV-2-in fected ce lls 
ind icate  th a t the v irus-induced enzyme has a d is tin c t e le c trop h o re tic  
m o b ility  fro m  th a t o f the host enzym e. Th ird , serum from  rabb its  
imm unized against ce lls  in fec ted  w ith  HSV-1 or HSV-2, sp e c ifica lly  
neutralise the v ira l enzyme (Caradonna and Cheng, 1981). A ll these data 
strongly suggest th a t HSV encodes its  own dUTPase.
The map lo ca tion  obtained fo r the gene encoding the HSV-induced 
dUTPase (W ohlrab e t a l., 1982) using HSV-1 x HSV-2 in te r ty p ic  
recombinants was la te r  readjusted using accura te ly  aligned HSV-1 and HSV- 
2 re s tr ic t io n  endonuclease maps, to  be com patib le  w ith  th a t o f 0.69 to 
0.70mu obtained by Preston and Fisher (1984) who transfec ted  cloned HSV- 
1 DNA fragm ents in to  BHK ce lls then assayed fo r enzyme a c tiv ity .  One
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clone inducing v iru s -sp e c ific  enzyme a c tiv ity  conta ined a gene specify ing  a 
1.5kb m R N A which upon in v itro  trans la tion  o f se lected m R N A, was shown 
to  encode a 39000 MW polypeptide . I t  has subsequently been shown using 
both dUTPase d e fic ie n t inse rtiona l m utants and a spontaneous dUTPase 
d e fic ien t m utan t th a t the 39000 MW polypeptide is the v irus coded 
dUTPase and th a t the dUTPase is not required  fo r  v irus re p lica tio n  in 
tissue cu ltu re  (Fisher and Preston, 1986).
(g) HSV-DNA binding prote ins
Sixteen to  eighteen virus-induced D N A -b ind ing  prote ins can be 
detected in H SV-in fected ce lls (Bayliss e t a l., 1975; P urifoy  and Powell, 
1976; Powell and P u rifoy , 1976; Becker e t a l., 1980; Bookout and Levy, 
1980; Hay and Hay, 1980; W ilcox e t a l., 1980). O f these, ICP4 
(Vm w ^^^) binds to  DNA only v ia  a component o f m ock-in fec ted  ce lls, since 
p u rified  is unable to  bind DNA, even though the p ro te in  is
capable o f such a c t iv ity  in the presence o f an e x tra c t o f un in fected cells 
(Freeman and Pow ell, 1982). O f the others, only one Vm W ^^^' (1^0) (IC P8, 
term ed the m ajor D N A-b ind ing p ro te in ) has been p u rifie d  s u ff ic ie n tly  to 
show th a t i t  binds d ire c tly  to  D N A in the absence o f o ther prote ins.
The m ajor DN A binding p ro te in  binds single-stranded DNA more 
strongly than double-stranded DN A (Bayliss e t a l., 1975; Powell and 
P urifoy , 1976). Powell e t al. (1981) dem onstrated th a t p u rified  p ro te in  
acted d ire c tly  on a poly deoxy adenylic acid - poly deoxy thy  m idy lic  acid he lix , 
reducing its  m e lting  tem pera tu re , thus ind ica ting  th a t the p ro te in  functions 
in v irus-D N A  synthesis. The EM observations o f Ruyechan (1983) th a t 
pu rified  p ro te in  holds single-stranded DNA in an extended con fo rm ation , 
also suggests th a t the p ro te in  functions in v irus -D N A  synthesis. Evidence 
was presented by L i t t le r  e t al. (1983), using ^  m utants whose lesion was 
in the s tru c tu ra l gene fo r  the m ajor DN A binding p ro te in , th a t upon
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sh ift-up  to  the NPT, v ira l DNA synthesis is sw itched o f f  and th a t the HSV 
a lka line deoxyribonuclease and DN A polymerase a c tiv it ie s  are destab ilized. 
Since these tw o enzymes also play a ro le  in v ira l-D N A  synthesis, the 
observations o f L i t t le r  e t al. (1983), support those o f Pow ell e t a l. (1981) 
and Ruyechan (1983).
Godowski and Knipe (1983) suggested another fun c tio n  o f the major 
D N A binding p ro te in . The authors made use o f ^  m utants whose lesion 
resided in the s tru c tu ra l gene fo r  th is  p ro te in  (Lee and Knipe, 1983; 
W eller e t a l., 1983), to  dem onstrate th a t the synthesis o f ce rta in  IE 
(IE175), early  (143), 136' (130) and 43) and la te  (Vm w155, 117,
100 and 65) polypeptides was g reate r in ce lls  in fec ted  w ith  the ^  m utants 
a t the NPT than in ce lls in fec ted  w ith  w ild -typ e  v irus or in ce lls in fec ted  
w ith  m utants a t the PT. These resu lts  ind ica te  th a t the p ro te in  acts as a 
negative regu la to r o f v ira l gene expression. I t  seems p e rtine n t to 
recognise th a t Honess and Roizman (1974, 1975) proposed th a t early
pro te ins nega tive ly  regu la te  IE gene expression. The m ajor DNA binding 
p ro te in  is the f ir s t  example con firm ing  th is  proposal.
The V^yy21 D N A-binding p ro te in  in te rac ts  sp ec ifica lly  w ith  the a 
sequence o f HSV-DNA (D a lz ie l, 1984; D a lz ie l and Marsden, 1984). The 
p roperties and functions o f the a sequence have been discussed in Section 
1.4.1. W hilst there  is no d ire c t evidence concerning the ro le  o f the 
V^Y \/21 po lypeptide , the authors proposed th a t i t  may be involved in 
packaging or c ircu la risa tio n  o f the genome (D a lz ie l and Marsden, 1984).
30
S EC TIO N  B; G L Y C O P R O T E IN  S T R U C T U R E  A N D  F U N C T IO N  
1.9 D escrip tio n
G lycoprote ins are a ubiquitous class o f p ro te ins having carbohydrate 
m oie ties cova len tly  a ttached to  the peptide backbone. They can be found, 
fo r  exam ple, as hormones, e.g, thy ro id  s tim u la ting  hormone (TSH) (Carsten 
and P ierce, 1963), enzymes, e.g. pepsin (Bohak, 1969), im m unoglobulins, e.g. 
IgG (Rosevear and Sm ith, 1961) and in v ira l and ce llu la r membranes and 
connective tissue (fo r a more comprehensive rev iew , see Spiro, 1970). 
Sugar residues commonly found in g lycopro te ins include D-mannose, D - 
xylose, D-glucose, L-fucose, N -a ce ty l neuram inic acid, N -a c e ty l-D - 
glucosamine and N -ace ty l-D -ga lac tosam ine . Carbohydrate is usually 
a ttached to  the polypeptide backbone by e ithe r (a) a B eta -g lycosid ic  bond 
via the amide of asparagine (M arshall and Neuberger, 1964), or (b) an O- 
g lycosid ic  bond to  serine or threonine (Anderson et a l., 1964). Two other 
form s o f linkage, not so fa r  found in viruses, are v ia  (i) hydroxylysine, 
th is linkage is found in collagens of both ve rteb ra tes  and inve rteb ra tes  (see 
Spiro, 1970) and (ii)  hydroxypro line , th is  linkage is found in the ce ll w alls 
o f p lants conta in ing  upto fou r residues of L-arabinose (Lam port, 1969).
1.10 P rim ary  s tru c tu re
The mechanism by which g lycopro te ins are segregated in to  th e ir  
fin a l loca tions is not ye t fu l ly  understood. I t  is believed th a t these 
prote ins conta in  a ll the in fo rm a tion  th a t determ ines th e ir fa te  (B lobel and 
Dobberstein, 1975). Blobel (1980) hypothesised th a t the p rim ary s truc tu re  
of these prote ins can be divided in to  three domains: (i) s ta r t trans fe r
signals or signal sequences th a t in it ia te s  tra ns fe r o f the polypeptide 
through the lip id  b ilayer, v ia  the am ino-term inus o f the nascent 
polypeptide, ( ii) a region th a t fo llow s th is  signal sequence through the
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membrane th a t would conta in  in fo rm a tion  th a t determ ines i f  the p ro te in
should continue to  pass through the membrane or how i t  is fo lded in the 
membrane, i.e . an in te g ra l transm em brane p ro te in  (ITMP), and ( ii i)  a stop 
tra ns fe r region which te rm ina tes  the trans fe r o f the polypeptide across the 
membrane. Secreted prote ins would presumably have no stop tra ns fe r 
sequence and, the re fo re , pass through the membrane in to  the lumen o f the 
endoplasmic re ticu lu m  (ER).
1.10.1 Signal sequences
Since the signal hypothesis o f B lobel and Dobberstein (1975), signal 
peptides have been found at the am ino-term inus o f v ir tu a lly  every nascent 
g lycopro te in , w hether i t  is u lt im a te ly  secreted or inserted in to  a ce ll 
membrane or v ira l envelope. The signal peptide is usually cleaved o f f
before com pletion  of synthesis o f the polypeptide, a rare exception is 
ovalbum in which has an in te rna l signal sequence (Lingappa e t a l., 1979) 
tha t is not cleaved o ff .  K re il (1981) observed ce rta in  features common to 
signal peptides. They are approxim ate ly  15-30 residues in length w ith  an 
in te rna l core o f a t least nine hydrophobic residues w ith  a t least one 
positive  charged residue such as l^ n e  or arganine at the am ino-te rm ina l
end.
More re ce n tly , McGeoch (1985) constructed tests to  evaluate
candidate signal sequences. These tests successfully predicted 96% o f 
signal sequences present in a pool conta in ing other sequences. I t  was 
concluded the fo llo w in g  c r ite r ia  were im p o rta n t fo r  p red ic ting  signal 
sequences: (i) the length (usually 11 residues or less) and net charge o f
the im m ed ia te ly  am ino-te rm ina l region which precedes the hydrophobic 
s tre tch  in the signal sequence, ( ii)  the length o f the uncharged 
(hydrophobic) region, m in im a lly  e ight residues in length, ( ii i)  the degree 
of hydrophob ic ity o f the 8-residue m axim al hydrophobic region.
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Perlm an and Halverson (1983) have id e n tif ie d  a pu ta tive  signal 
peptide cleavage region at the ca rboxy-te rm ina l end o f these sequences. 
Cleavage usually occurs a t the fo u rth , f i f t h  or s ix th  residue a fte r the end 
of the hydrophobic core and is id e n tifie d  by the sequence A -X -B , where A 
is usually alanine, but can be serine, threon ine, va line  or isoleucine, X is 
any amino acid and B can be alanine, serine, threon ine, g lycine or 
cysteine, cleavage occurs im m ed ia te ly  a fte r  B.
1.10.2 Anchor sequences
Lingappa et a l. (1979) and Chang e t a l. (1979) predicted the 
existence o f a sequence, d is tin c t from  the signal sequence, which stopped 
the trans fe r o f nascent polypeptides across the c e ll membrane. Such 
sequences, which anchor the p ro te in  in the ce ll membrane, are known 
synonymously as anchor sequences or stop or h a lt tra ns fe r sequences 
(B lobel, 1980; Boeke and Model, 1982; Sabatini e t a l. , 1982). Sabatini 
e t al. (1982) id e n tif ie d  ce rta in  features common to  anchor sequences. 
They are usually 20-30 residues in length, are usually, but not necessarily, 
found near the carboxy-te rm inus, have a hydrophobic core o f approxim ate ly 
tw e lve  residues and are fo llow ed by a group o f charged residues which 
would not be expected to enter the lip id  b ila ye r. Perlm an and Halvorson 
(1983) pointed out th a t anchor sequence hydrophobic cores have less leucine 
and s ig n ifica n tly  more g lu tam ic acid and serine residues on a percentage 
basis than have signal sequence cores. Yost e t a l. (1983) showed th a t 
anchor sequences cannot replace signal sequences. The authors gene tica lly  
engineered the construction  o f a fusion p ro te in  in which the coding region 
fo r an anchor sequence replaced tha t o f a signal sequence of a secreted 
p ro te in . Transport o f the resu lting  nascent fusion p ro te in  through the 
membrane, instead o f being secreted, was p red ic tab ly  stopped by the 
translocated anchor sequence.
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1,10.3 Sites fo r add ition  o f N - and O -linked oligosaccharides
Eylar (1965) suggested tha t asparagine (asn) accepted N -linked  
oligosaccharides where i t  has a serine (ser) residue next to , or one residue 
away from  i t .  However, based on the exam ination o f numerous amino acid 
sequences, M arshall (1974) proposed th a t asn in the sequence asn-X-ser 
(th r) was the acceptor (where X is any amino acid). Pless and Lennarz 
(1977) suggested th a t th is  sequence was not s u ff ic ie n t fo r  the add ition  of 
N -linked oligosaccharides and showed th a t some p ro te ins which conta in 
unglycosylated asn-X-ser (th r) sites, could be g lycosyla ted  in v itro  a fte r 
dénatura tion. These authors concluded tha t the add ition  o f carbohydrate to 
p ro te in  requires the exposure o f these p o te n tia l sites.
General rules have not been established to  p e rm it p red ic tions  as to 
which ser or th r  residues m igh t be used fo r the add ition  o f O -linked 
oligosaccharides.
1.11 Synthesis o f g lycoproteins
Although g lycopro te ins o f enveloped anim al viruses are transla ted 
from  virus spec ific  messenger RNAs, a ll subsequent processing events are 
s im ila r to  those o f host ce ll g lycopro te ins (K o rn fe ld  and K o rn fe ld , 1980). 
Evidence to suggest th a t the host ce ll plays a m ajor ro le  in de term in ing  
the structure  o f carbohydrate in v ira l g lycopro te ins comes from  studies o f 
carbohydrate com position o f viruses such as Sindbis (Strauss e t a l., 1970), 
vesicular s tom a titis  (E tchison and Holland, 1974) and in fluenza  (Nakamura 
and Compans, 1979), grown in d iffe re n t host ce ll lines. Evidence th a t HSV 
glycoprote ins use ce llu la r enzymes during o ligosaccharide synthesis comes 
from  use o f m utan t ce ll lines which lack ce rta in  gly cosy Itra n s f erases 
(Serafini-Cessi et a l., 1983a, b). I t  was found th a t the e le c trop h o re tic  
m o b ility  in SDS po lyacry lam ide gels o f the v ira l g lycopro te ins synthesised 
in these cells ind icated incom plete g lycosyla tion  (see Section 1.20.3).
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However, since the E l p ro te in  o f Sindbis v irus ca rries  both "com plex type " 
and "high mannose typ e " oligosaccharides (Burke and Keegstra, 1976) (see 
Section 1.11.2 fo r  exp lanation  o f the te rm s used), the v ira l g lycopro te in  
its e lf  may in fluence the type o f carbohydrate  ca rried .
As discussed above, the mechanism by which secre tory and ITMPs 
are segregated in to  th e ir  f in a l locations is not fu l ly  understood. However, 
i t  is known th a t both appear to  be synthesised on membrane bound
ribosomes o f the rough endoplasmic re ticu lu m  (ER) (M orrison and Lodish,
1975; Rothman and Lenard, 1977), both have signal sequences (described in 
Section 1.10.1) which recognise a signal recogn ition  p a rtic le  (SRP) 
consisting o f six polypeptides o f apparent MW 72K, 68K, 54K, 19K, 14K 
and 9K daltons (W alte r and Blobel, 1980) and one 7S m olecule o f RNA of 
about 300 nucleotides (W alte r and B lobel, 1982). This SRP has been shown 
to  recognise the signal sequences o f nascent secre to ry  prote ins (S to ffe l
e t a l., 1981) and nascent ITMPs (Anderson e t a l., 1982). G ilm ore et al.
(1982a, b) and M eyer e t a l. (1982) have iso la ted a "rece p to r" or "docking 
p ro te in ", a 72K dalton in teg ra l membrane p ro te in , which binds the SRP- 
ribosome com plex to  fo rm  a func tiona l SRP-ribosom e-membrane junction  
complex (W alter and B lobel, 1981) a llow ing trans loca tion  o f the nascent 
polypeptide. An a lte rn a tive  hypothesis proposed by Engelman and S te itz  
(1981) re lies on the therm odynam ics o f lip id -p ro te in  in te rac tions to bring 
about the spontaneous insertion  o f p ro te ins in to  and across the membrane 
w ithou t the p a rtic ip a tio n  o f spec ific  receptors. The evidence presented by 
Anderson e t al. (1982) and S to ffe l e t a l. (1981) dem onstrating th a t SRPs 
recognise signal sequences would seem to  favour the fo rm e r theory.
Events a fte r  a ttachm ent o f the 5RP-SRP recep to r com plex to  the 
membrane are poorly understood. However, on the basis tha t the 
sequences between the end o f the signal peptide and its  cleavage s ite  show 
a high po ten tia l fo r  B eta -tu rns, as ca lcu la ted fro m  the rules o f Chou and
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Fasman (1974)» was hypothesised (S te iner e t a i., 1980; Perlm an and 
Halvorson, 1983) th a t the nascent polypeptide  is inserted in to  the 
membrane via  a hairp in  s tru c tu re . By th is  m odel, the signal sequence is 
inserted in reverse o rie n ta tio n  and is cleaved o f f  on the lum ina l side o f 
the rough ER by a signal peptidase (Jackson and B lobel, 1977; W alte r 
et a l., 1979) at the cleavage s ite  p red ic ted  by Perlm an and Halvorson 
(1983). The nascent polypeptide is then trans loca ted  through in to  the 
lum ina l side o f the rough ER where i t  can be g lycosylated a t the 
appropriate amino acid(s). G lycosyla tion  usually occurs on the nascent 
polypeptide, as in the case o f vesicu lar s to m a tit is  v irus (VSV) (Rothm an 
and Lodish, 1977), but i t  is not necessarily co -tra ns la tio n a l (Bergman and 
Kuehl, 1978; Jamieson, 1977). However, once trans loca tion  is under way, 
secre tory prote ins u lt im a te ly  pass through the membrane, w h ile  membrane 
g lycopro te ins rem ain embedded by v irtu e  o f th e ir  anchor sequence. N- 
linked oligosaccharides may then be m od ified  in the rough and smooth ER 
(Grinna and Robbins, 1979) and in the Golgi apparatus (Schachter and 
Roseman, 1980) w h ile  being transported  to  th e ir  f in a l destina tion .
1.11.1 C om partm enta lisa tion  o f the Golqi apparatus
Studies on processing o f the N -linked  oligosaccharides have shown 
th a t many o f the enzymes involved in th e ir  processing have a spec ific  
loca tion  w ith in  the Golgi apparatus, an organelle  present in a ll eukaryo tic  
ce lls. Rothman (1981) f ir s t  described the Golgi apparatus as having cis and 
trans com partm ents. The cis side is nearer the nucleus and adjacent to 
the rough ER, w h ile  the trans side is a t the  opposite end o f a stack o f 
fou r to  six c isternae. More re ce n tly , those ciste rnae ly ing  between the 
tw o extrem e faces (cis and trans) have been term ed the m edial c isternae 
(G riff ith s  e t a l., 1983; Bergman and Singer, 1983; Rothm an e t a l., 1984a, 
1984b) (f ig . 8).
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Representation o f the G olg i apparatus, the figu re  is taken fro m  Rothm an
(1985), showing the cis, m edial and trans c is te rnae . The prote ins to  be 
processed in the G olg i apparatus are synthesised on ribosomes th a t are 
bound to the endoplasmic re ticu lu m . The com pleted prote ins are e ith e r 
inserted in to  the ER membrane or pass in to  its  lumen. The pro te ins are 
thought to be encapsulated by vesicles which bud from  the ER and move 
tow ard the Golgi apparatus, fusing w ith  the cis com partm ent transported  by 
other vesicles to  the m edial and trans c is te rnae. Each p ro te in  is m od ified  
according to  its  f in a l destina tion . In the trans com partm ent the prote ins 
are probably sorted and packaged fo r de live ry , some prote ins going to the 
secretory storage granules, others to  lysosomes (large vesicles th a t conta in  
degradative enzymes) and others to  the ce llu la r plasma membrane.
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1.11.2 Processing o f N -linked  oligosaccharides
O ligosaccharide m oieties which are N -linked  to  asparagine can be 
processed in to  e ith e r high mannose type or com plex type oligosaccharides. 
An example o f the sm allest typ ica l high mannose type  o ligosaccharide fro m  
human m yelom a IgM , (Chapman and K o rn fe ld , 1979b) is shown in f ig .  9a, 
while f ig . 9b shows an example o f a ty p ic a l com plex type oligosaccharide 
from  VSV (Reading e t a l., 1978). I t  is not known w hat param eters 
determ ine processing o f N -linked  oligosaccharides. However, i t  has been 
suggested th a t (i) the con fo rm ation  o f tw o  yeast g lycopro te ins, 
carboxypeptidase Y  and invertase, a ffe c ts  processing o f high mannose 
oligosaccharides (T rim b le  e t a l., 1983), ( ii)  the p ro te in  p rim a ry  s tru c tu re  
can determ ine w hether high mannose or com plex type oligosaccharides w il l  
occur (Baenziger and K o rn fe ld , 1974; Nakam ura and Compans, 1979; 
Rosner e t a l., 1980; Sveda et a l., 1982), and ( i i i)  a s ta t is t ic a l analysis o f 
f i f ty -s ix  g lycopro te ins conta in ing e ithe r high mannose, com plex or both 
types o f o ligosaccharide led Pollack and A tk inson (1983) to  suggest th a t N - 
linked o ligosaccharides are more lik e ly  to  be processed to  com plex types, 
the nearer they are to  the amino term inus.
I t  has been established (W aechter and Lennarz, 1976) th a t the 
carbohydrate m o ie ty  N -linked  to  asparagine o rig ina tes from  an "en b loc" 
transfe r o f an o ligosaccharide pre form ed on the lip id  do licho l pyrophosphate 
(fig . 10). The m a jo r precursor o ligosaccharide which is assembled on the 
dolichol pyrophosphate has the com position  Glu(3) Mann(9) G lcNAc(2) in 
cu ltured Chinese ham ster ovary (CHO) ce lls  (L i e t a l., 1978), N IL -8 
hamster fib rob las ts  (L iu  e t a l., 1979) and in  ch ick embryo ce lls (Hubbard 
and Robbins, 1979). Its s truc tu re  ( f ig . 11) was a lm ost com p le te ly  
elucidated by L i e t a l. (1978) except fo r  the linkage o f the glucose 
residues, which were shown to be in the alpha con figu ra tion  by Liu e t al. 
(1979) and Spiro e t a l. (1979).
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G lycopeptides showing (a) high-mannose type oligosaccharide fro m  human 
IgM m yelom a p ro te in  (Chapman and K o rn fe ld , 1979b), (b) com plex type
oligosaccharide o f VSV G p ro te in  (Reading e t a l. , 1978). A bbrev ia tions 
used are:
Mannose (mann), N -acetylg lucosam ine (g lcN A c), asparagine 
(Asn), s ia lic  acid (sia l), galactose (gal).
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The m ajor p recursor o ligosaccharide e lucidated by L i e t a l. (1978) and L iu 
et al. (1979) th a t is p re fo rm ed on dolicho l pyrophosphate before being 
transfe rred  to  asparagine.
Abbrevia tions used are:
Glucose (glu), mannose (mann), N -acetylg lucosam ine (g lcN A c)
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Processing can be divided in to  fou r stages: (1) enzym atic  rem ova l
o f the th ree  glucose residues, (2) enzym atic  rem oval o f the fo u r alpha 
1-2 bonded mannose residues to  y ie ld  the  sm allest high mannose s tru c tu re  
(f ig . 9a), (3) enzym atic  rem oval o f another tw o  mannose residues to  y ie ld
the core s tru c tu re  o f com plex oligosaccharides, and (4) synthesis o f 
com plex oligosaccharides. Each o f these stages is discussed below in more 
de ta il:
Step 1
Processing is in it ia te d  by the rap id  enzym atic  rem ova l o f the th ree  
glucose residues. Hubbard and Robbins (1979) presented evidence th a t th is  
can occur w ith in  5min. in ch ick em bryo fib ro b la s t ce lls . G rinna and 
Robbins (1979) iso lated tw o glycosidase a c tiv it ie s  fro m  the rough and 
smooth ER o f m icrosom al membranes o f ra t  liv e r. One o f the enzymes 
catalysed the rem oval o f only the te rm in a l residue, the second enzyme 
catalysed the sequential rem ova l o f the rem ain ing tw o glucose residues, 
thus leaving the oligosaccharide o f com position mann(9) g lcN A c(2). A 
glycopeptide o f thyrog lobu lin  re ta ins th is  s tru c tu re  (Ito  e t a l. , 1977), but 
usually i t  is processed fu r th e r in to  e ith e r sm alle r high mannose type or 
com plex type oligosaccharides, both o f which e xh ib it he te rogene ity  
(K o rn fe ld  and K orn fe ld , 1976).
Step 2
Tulsiani e t al. (1977) and Opheim and Touster (1978) presented 
evidence th a t a mannosidase a c tiv ity  iso lated from  ra t liv e r  G o lg i 
membranes was involved in the m etabolism  o f g lycopro te in  oligosaccharides. 
Tabas and K orn fe ld  (1979) and Tulsiani e t al. (1982a) showed th a t there  
were a t least tw o mannosidase a c tiv it ie s  (1A and IB ) in ra t liv e r  Cxolgi 
membranes which hydrolyse the alpha 1-2 bonded mannose residues.
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K orn fe ld  e t a l. (1978) presented evidence th a t the fou r alpha 1-2 bonded 
mannose residues are removed in a spec ific  order. This order may be
d iffe re n t in spec ific  g lycopro te ins (Chapman and K o rn fe ld , 1979a; 
Chapman and K o rn fe ld , 1979b; Hubbard and Iv a tt ,  1981).
Step 3
Synthesis o f com plex oligosaccharides is in it ia te d  by conversion o f 
the high mannose type oligosaccharide to  a core o ligosaccharide, g lcN A c- 
m ann(3)-glcNAc(2) (K orn fe ld  and K o rn fe ld , 1980). Two enzymes are
involved in th is  step. F irs t, N -acety lg lucosam ine transferase I (Tabas and 
K orn fe ld , 1978; Harpaz and Schachter, 1980a) catalyses the tra ns fe r o f a 
single residue o f g lcN A c to  the te rm in a l residue o f the high mannose
oligosaccharide m ann(5)-glcNAc(2) - a t the position shown in f ig . 12a.
Dunphy and Rothman (1983) have presented evidence showing 
com partm en ta lisa tion  o f the N -linked  oligosaccharide processing in the Golgi 
apparatus and localised th is  enzyme to  the  cis side o f the Golgi s tack in 
CHO cells. Only when the oligosaccharide o f s tru c tu re  g lc N A c (l)  mann(5) 
g lcNAc(2) ( f ig . 12a) has been form ed w il l  the second enzym e, mannosidase 
II, cleave o f f  the o ther tw o  te rm in a l mannose residues (Tabas and 
K orn fe ld , 1978; Harpaz and Schachter, 1980b; Tulsiani e t a l. , 1982a) 
(fig . 12b). Mannosidase II is also located in the cis side o f the Golgi 
apparatus (Dunphy and Rothm an, 1983).
Step 4
The fin a l stage is the e longation to  fo rm  the com plex 
oligosaccharides by the sequentia l ac tion  o f spec ific  g lycosyltransferases. 
These are: (a) N -ace ty lg lucosam iny ltrans f erases, (b) ga lac tosy l-
transferases, (c) fucosyltransferases, and (d) s ia ly ltransferases. The one 
enzyme-one linkage concept (Hagopian and Eylar, 1968) would d ic ta te  th a t
a.
^manri'v. o<i-5
mann- "S l-3 mann glcNAc— glcNAc----Asn
mann
UDP—glcNAc + glcNAc transferase I
b. ,
m a n n < ^
mannosidase n' lZmann'.^^^^_g
m a n n -^ '^  ^m a n n J ^g lc N A c -
glcNAc  ^
+ UDP
-glcNAc Asn
^ m o n n
g l c N A € ^ ’ ^
J ^ m o n n 01-6 glc N Ac— glc N Ac-----As n
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Processing o f N -linked  oligosaccharides fro m  the sm allest high-mannose
type to  the core fo r the com plex type oligosaccharide.
(a) the high-mannose oligosaccharide which is the substrate fo r
the enzyme N -ace ty lg lucosam iny l transferase I. The donor 
is U D P-g lc N Ac;
(b) the product o f the reaction  described in (a) which is the ta rg e t
(ind ica ted  by dotted  arrows) fo r  mannosidase II;
(c) the product o f the reaction  described in (b) which is the core fo r
com plex type oligosaccharides.
Abbrevia tions used are as fo r figs. 11 and 13.
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one spec ific  transferase is required fo r each sp ec ific  g lycosid ic linkage 
found in nature ; th a t is, m u ltip le  form s o f a p a rtic u la r sugar transferase 
ex is t. Goldberg and K orn fe ld  (1983) presented evidence th a t the order in 
which the transferases are d is tribu ted  fro m  the cis to  the trans G olg i
membranes is id e n tica l w ith  the sequence th a t the enzymes appear to  act 
in v ivo .
Beyer e t a l. (1981) suggest th a t a t least five  d is tin c t N - 
acety lg lucosam inyl (g lcN A c) transferases may be invo lved in the elongation 
o f com plex o ligosaccharides. To date, th ree  have been id e n tif ie d :
(i) g lcN A c transferase I (Tabas and K o rn fe ld , 1978; Harpaz and 
Schachter, 1980a) (described in step 3);
( ii) g lcN A c transferase II which has been p a r tia lly  p u rified  by Harpaz 
and Schachter (1980a). These authors proposed the reaction  in
f ig .  13A where the acceptor is the core o f com plex 
oligosaccharides. The g lcN A c residue is added onto the rem ain ing 
te rm in a l mannose residue resu lting  in an oligosaccharide having two 
branches (b iantennary);
( ii i)  g lcN A c transferase IV was id e n tif ie d  by Cummings e t al. (1982), 
who proposed the reaction  in f ig . 13B. G lcN A c is added via a
b e ta -1-6 linkage to  fo rm  a th ree  ( t r i)  or fou r branched 
(te traan tennary) o ligosaccharide. The accep tor oligosaccharide must 
have both mannose residues substitu ted  w ith  g lcN A c.
Based on known oligosaccharide s truc tu res (K o rn fe ld  and K o rn fe ld , 
1976; Paulson e t a l., 1978), three fucosy ltrans f erases are required:
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Putative pathway fo r  the synthesis o f a com plex o ligosaccharide N -linked  
to asparagine. The reactions shown are not necessarily the only accep tor 
and product fo r  each enzyme (see re ferences in te x t,  Section 1.11.2).
Abbreviations used are as fo r  figs. 9, 11 and 12 excep t M = mannose and 
fuc = fucose.
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(i) B e ta -N -ace ty lg lucosam ine -l-N -aspa rag ine -fucosy ltransfe rase  (core
fuco sy ltra n s f erase) catalyses the reaction  in f ig . 13C (Wilson e t a l., 
1976). I t  has the s p e c ific ity  to  ac t a fte r g lcN A c transferase I but 
be fo re  ga lactosyltransfe rase  (Wilson e t a l., 1976; Beyer e t a l.,
1981);
( ii)  N -a ce ty lg luco sa m in id e -a lph a -l-3 -fu cosy ltran s ferase catalyses the
reac tion  in  f ig .  13E (Shen e t a l. , 1967; P riee ls e t a l., 1977;
Paulson e t a l., 1978);
( i i i)  B e ta -g a la c to s id e -a lp h a -l-2 -fu co sy ltra n s ferase catalyses the reaction
in f ig .  13G (Shen e t a l., 1967; Bosmann e t a l., 1968; Schenkel- 
Brunner e t a l., 1975).
G a lac tosy ltrans f erase (F le ischer e t a l., 1969) catalyses the add ition  
o f a galactose (Gal) residue to  g lcN A c v ia  a Beta-1-4 linkage ( f ig . 13D) 
(Rao and M endicino, 1978).
A t least th ree  d iffe re n t s ia ly ltra n s f erases are required  fo r the 
known s ia lic  acid linkages (K o rn fe ld  and K orn fe ld , 1976; Finne e t a l., 
1977):
(i) B e ta -ga lactos ide-a lpha-2-6-s ia ly ltransfe rase  catalyses the reaction  in 
f ig . 13F (Paulson et a l., 1977) and is the only s ia ly ltransfe rase  so 
fa r  id e n tifie d  which is spec ific  fo r N -linked  oligosaccharides. 
Paulson e t a l. (1978) presented evidence to  show th a t th is  enzyme 
p u rifie d  fro m  bovine co lostrum  and N -ace ty lg iucosam in ide-a lpha-1-3- 
fucosy ltransferase , pu rified  fro m  human m ilk  (P rieels e t a l., 1977) 
use the same substrate, i.e . g a l-b e ta -l-4 -g lc N A c  (the im p lica tions 
o f th is  observation are not known).
( ii)  The linkage s ia l-a lpha-2-3 -ga l has been id e n tifie d  in N -linked  
oligosaccharides by Carlson e t a l. (1973) and Thomas and W inzler
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(1971).
( i i i)  The linkage s ia l-a lpha-2 -8 -s ia l has been id e n tifie d  by Finne e t al. 
(1977) and Spiro (1973). The enzymes which catalyse the fo rm a tio n  
o f the la t te r  tw o  linkages have not been id e n tifie d  (see figs . 13H 
and 131 fo r  p u ta tive  structures).
1.11.3 Biosynthesis o f o ligosaccharides 0 -lin ke d  to  serine or threonine
U n like  N -linked  oligosaccharides which are added "en b loc" fro m  a 
lip id  c a rr ie r, the oligosaccharides O -linked to  serine or threonine are 
synthesised one a t a tim e  from  nucleoside sugars, d ire c tly  onto the p ro te in  
(Schachter, 1979; Beyer and H ill,  1982). The constituen t sugars are D - 
galactose (gal), N -ace ty l-D -ga lac tosam ine  (ga lN Ac), N -ace ty l-D -g lucosam ine  
(g luNAc), L-fucose, s ia lic  acid and D -xylose, but very ra re ly  D-mannose 
(P ierce and Parsons, 1981). The in it ia l sugar residue added to serine or 
threonine is usually galN Ac (M cGuire and Roseman, 1967) and most O- 
linked oligosaccharides conta in  a core o f g a l-b e ta -l-3 -g a lN A c  -  s e r/th r 
(K orn fe ld  and K o rn fe ld , 1980).
Several groups have investiga ted  the s ite  o f addition o f the in it ia l
sugar residue. The enzyme galNAc transferase th a t catalysed the add ition
o f the in it ia l gal N Ac residue has been found in a fra c tio n  consisting o f 
smooth ER and Golgi membranes, w ith  re la tiv e ly  l i t t le  a c tiv ity  in the rough
ER membrane fra c tio n  (Ko and Raghupathy, 1972; Hanover e t a l., 1980)
ind ica ting  th a t synthesis o f O -linked oligosaccharides does not commence 
u n til a fte r  the polypeptide synthesis is com plete . A lthough Strous (1979) 
reported O -g lycosy la tion  o f e p ith e lia l ce ll g lycopro te ins occurs a t the leve l 
of nascent chains and i t  is possible th a t the s ite  o f g lycosyla tion  d iffe rs  in 
various b io log ica l systems, th is  author did not d ire c tly  establish th a t the 
galNAc detected in preparations o f nascent chains, was not derived from  
contam inating  m ature O -linked g lycopro te ins.
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The g lycosy ltrans f erases th a t cata lyse the add ition  o f the te rm in a l 
sugar residues to  O -linked oligosaccharides are not as w e ll characterised as 
those th a t add te rm in a l sugars to  N -linked  oligosaccharides, but probably 
reside in the ( jo lg i apparatus (Schachter, 1979).
No rules p red ic ting  which o f the serines and threonines w il l  be O- 
g lycosylated have been fo rm u la te d .
1.11.4 Sulphation o f prote ins
Sulphate is incorpora ted in to  the prote ins o f many viruses, such as 
the HN and F g lycopro te ins o f sim ian v irus 5 and sendai v irus 
(paramyxoviruses), the g lycopro te in  G o f VSV (rhabdovirus), the E l and E2 
g lycopro te ins o f sindbis v irus (togovirus) and g lycopro te ins o f apparent MW 
52000 and 69000 o f rauscher leukaem ia virus (oncornavirus) (P in te r and 
Compans, 1975), the HA g lycopro te in  o f in fluenza virus (orthom yxovirus) 
(Compans and P in te r, 1975), a g lycopro te in  o f apparent MW 99000 o f 
pseudorabies (herpesvirus) (Erickson and Kaplan, 1973; Pennington and 
M cCrae, 1977) and a g lycopro te in  o f apparent MW 44000 o f m yxovirus 
(leporipoxvirus) (Pennington e t a l., 1982).
The site o f a ttachm ent (o ligosaccharide m o ie ty  or polypeptide 
backbone) o f sulphate to  each o f the g lycopro te ins m entioned above, is not 
known, nor is the ro le  tha t the attached sulphate plays during the 
m atura tion  o f viruses.
I t  has been shown th a t sulphate can cova len tly  lin k  to  the 
polypeptide backbone and/or the sugars o f the o ligosaccharide m o ie ty . So 
fa r, tyrosine  is the only amino acid to  which a ttachm ent o f sulphate has 
been dem onstrated (H u ttne r, 1982, 1984). The sulphate is a ttached as an
O-sulphate ester link  (H u ttne r, 1984). The ten tyrosine-su lphated prote ins 
studied to  date (H u ttne r, 1982, 1984; Rosa e t a l., 1985) have a ll been 
shown to be secreted p ro te ins. Lee and H u ttn e r (1983) id e n tif ie d  a
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ty ro sy lp ro te in  su lfo transferase  which catalyses the add ition  o f sulphate onto 
tyrosine o f fou r p ro te ins in pheochrom ocytom a ce lls . This enzyme has 
been iso lated from  the g o lg i apparatus (Lee and H u ttn e r, 1984).
The sulphate cova len tly  linked to  the oligosaccharides was 
dem onstrated to  be a ttached to  (i) the six position  o f g lcN A c adjacent to  
asparagine in the HN g lycopro te in  o f sim ian v irus 5 (Prehm e t a l., 1979);
( ii)  in to  the fou r position  o f galactose in the N -linked  oligosaccharides o f 
ovine lu te in iz ing  hormone (Bed! e t a l., 1982); ( i i i)  the six position  o f 
galactose in both N - and O -linked oligosaccharides o f the hormone human 
chorion ic gonadotropin (P ierce and Parsons, 1981); or (iv) in to  ga lN Ac in 
N -linked  oligosaccharides o f the p itu ita ry  hormone, bovine lu tro p in  (Parsons 
and P ierce, 1980).
Farquar and Palade (1981) suggested th a t o ligosaccharide-sulphation  
plays a ro le  in the packaging of secre to ry prote ins, and i t  has been shown 
(Karp and Solursch, 1974) th a t c u ltiv a tio n  o f sea urch in  embryos is arrested 
at the b lastu la  stage i f  they are grown in the absence o f sulphate.
1.11.5 A cy la tion
Schmidt e t al. (1979) have described the add ition  o f ^H -p a lm ita te  
to  the E l and E2 g lycopro te ins o f Sindbis v irus. E l contains tw o moles o f
fa t ty  acid per mole o f p ro te in  and E2 contains five  or six moles o f fa t ty
acid per mole o f p ro te in . I t  has been suggested (Schm idt e t a l., 1979;
Schmidt and Schlesinger, 1980) th a t the add ition  o f fa t ty  acid, which is 
cova lently  linked to  the polypeptide backbone, takes place in the Golgi 
complex.
Schmidt and Schlesinger (1979) presented evidence which showed 
tha t ^H -p a lm ita te  is incorporated in to  the VSV G p ro te in . This linkage is 
probably a th ioeste r bond to  a cysteine residue (Rose e t a l., 1984). This 
post-trans la tiona l m o d ifica tio n  is not exclusive to  g lycopro te ins, but is
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found in non-g lycosyla ted membrane p ro te ins, such as SV40 T antigen 
(Henning and Lange-M utsch le r, 1983) and the tra n s fe rr in  recep to r in 
cu ltu red  human ce lls (Omary and T row bridge, 1981).
A va ria tio n  o f th is pos t-tra n s la tion a l m o d ifica tio n  is seen in the 
transfo rm ing  p ro te in , p60src o f Rous Sarcoma V irus. M y r is tic  acid is 
a ttached to  the polypeptide  backbone but v ia  an am ide bond (Buss and 
Sefton, 1985), unlike the  ester bond which a ttaches p a lm itic  acid.
1.12 Drugs used fo r  in ves tig a tin g  p o s t-tra n s la tio n a l m o d ifica tio n s  
functions and a c t iv it ie s  o f g lycoprote ins  
Tunicam ycin
The s tru c tu re  o f the a n tib io tic  tun icam yc in  (TM) is shown in f ig .  14 
(Takatsuki e t a l., 1977; Ito  e t a l., 1980). I t  prevents fo rm a tio n  o f 
do licho l pyrophosphate-N -acetylg lucosam ine (Tkacz and Lampen, 1975), the 
high mannose oligosaccharide by in h ib itin g  the tra n s fe r o f g lcN A c from  
U D P -g lcN Ac to  do licho l phosphate. However, O -g lycosy la tion  s t i l l  proceeds 
in T M -trea ted  ce lls (Gahmberg e t a l., 1980; B u tte rs  and Hughes, 1980; 
Speake and W hite, 1979). The release o f in fec tio u s  v irus is reduced in the 
presence o f TM. This has been observed fo r  VSV and Sindbis (L e a v itt 
e t a l., 1977); SFV and fo w l plague virus (FPV) (Schwarz e t a l., 1976), 
Snowshoe Hare Bunyavirus (Cash e t a l., 1980), N ewcastle  Disease Virus 
(NDV) (M orrison and Simpson, 1980), measles v irus (S tallcup and F ields, 
1981), HSV (P izer e t a l., 1980) and rous sarcoma virus (S tohrer and H unte r, 
1979).
2-deoxy-D -g lucose
K ilbourne (1959) dem onstrated th a t 2-deoxy-D-glucose ( f ig . 14) 
in te rfe res  w ith  the m u lt ip lic a tio n  o f in fluenza  v irus, however, i t  was 
subsequently shown th a t v ira l po lypeptide synthesis is not a ffe c te d , but 
g lycoprote in  production  is a ffe c ted  (Kaluza e t a l., 1972; Ghandi e t a l..
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Chem ical fo rm u lae  fo r
(a) tun icam yc in , a nucleoside a n tib io tic . I t  is a m ix tu re  o f homologous
a n tib io tic s . The homologues d if fe r  in th e ir  fa t ty  acid component.
The most abundant homologues are when n = 9, 10, 11 and 12;
(b) 2 -deoxy-D -glucose, an analogue o f mannose.
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1972; K lenk e t a l., 1972) suggesting th a t i t  is the g lycosy la tion  step th a t 
is inh ib ited . This was con firm ed  by Kaluza e t a l. (1973); Knowles and 
Person (1976) and C ourtney e t a l. (1976) dem onstrated th a t 2 -deoxy-D - 
glucose acted as an analogue o f D-mannose. The authors proposed th a t 
th is sugar analogue prevents e longation o f the o ligosaccharide chain. 
Comparison of evidence presented by G lorioso et a l. (1983) who used 2- 
deoxy-D-glucose and by N o rr ild  and Pederson (1982) who used tun icam yc in  
shows tha t use o f e ith e r drug resu lts in underg lycosyla ted HSV-1 
g lycoprote ins, gC and gD, present on the surface o f in fec te d  ce ll 
membrane, but not gB. F u rthe rm ore , the MWs o f the underg lycosyla ted 
precursors, resu lting  fro m  use o f e ithe r drug, are s im ila r, suggesting tha t 
2-deoxy-D-glucose and tun icam yc in  have s im ila r e ffe c ts  on g lycosy la tion .
A fte r  tra ns fe r o f the oligosaccharide to  asparagine, the 
oligosaccharides are usually processed to  the com p lex-type . W ith  the drugs 
available, th is  processing can be inh ib ited  a t th ree  stages:
F irs t, N o jir im yc in  (fig . 15a) (N iwa et a l. , 1970) and 1- 
deoxynojirim ycin  (Saunier e t a l., 1982) in h ib it glycosidase I, and also 
inh ib its  the fo rm a tion  o f the do licho l-linked  o ligosaccharide (Rom ero e t a l. , 
1983; Gross e t a l., 1983). However, N -m e th y l- l-d e o x y n o jir im y c in  in h ib its  
only glucosidase I (Romero e t a l. , 1983).
Datem a e t a l. (1982), who studied g lycosy la tion  in in fec te d  ch ick 
embryo cells w ith  FPV, showed th a t the second stage o f processing, release 
o f the innerm ost glucose residue on the high mannose trans fe rred  
oligosaccharide (glc(3) mann(9) g lcN Ac(2)), can be inh ib ite d  w ith  
brom ocondurito l ( f ig . 15b) (Leg le r e t a l., 1977) and suggested th a t the drug 
in terfe res w ith  the ac tive  s ite  o f glucosidase II. The authors also showed 
tha t the action  o f b rom ocondurito l does not in te r fe re  w ith  the enzym ic 
a c tiv ity  o f mannosidase I on the rem ain ing tw o te rm in a l mannose residues.
The th ird  stage a t which N -linked  oligosaccharides processing can
la.) Nojirimycin
CH^OH
(b .) Bromoconduritol.
B r _
OH
HO
OH
(c.) Swoinsonine
OH OH
OH
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Chem ical fo rm u lae  o f in h ib ito rs  o f processing o f the  N -linked  
oligosaccharides. The mode o f ac tion  o f each in h ib ito r is described in 
Section 1.12.
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be inh ib ited  is during rem ova l o f the mannose residues. Using the drug 
swainsonine (fig . 15c), iso la ted fro m  the p lan t " swainsona canescens" by 
Colegate e t a l. (1979). E lbein e t a l. (1981) f ir s t  showed th a t i t  prevents 
the fo rm a tion  o f com plex oligosaccharides in CHO and M adin-D arby Canine 
Kidney (M DCK) ce lls . More re ce n tly , Tu lsiani e t a l. (1982b) presented 
evidence to show th a t swainsonine sp e c ifica lly  inh ib its  mannosidase II, 
pu rified  from  ra t liv e r  G olg i membranes, which catalyses the reac tion  
described in Section 1,11.2, step 3.
Monensin has been used to  study the transpo rt o f the VSV G 
g lycopro te in  and the E l and E2 g lycopro te ins o f Sindbis v irus (Johnson and 
Schlesinger, 1980) and also the E l and E2 g lycopro te ins o f SFV (G r iff ith s  
et a l., 1983; Quinn e t a l., 1983), a v irus closely re la ted  to  Sindbis. 
G r if f ith s  e t al. (1983) suggested th a t monensin does not in h ib it any spec ific  
reaction  in oligosaccharide synthesis, but ra th e r i t  blocks the transpo rt o f 
membrane bound prote ins a t a number o f stages. However, the mode o f 
action o f monensin is fa r  fro m  c lea r since the e ffe c t o f the drug depends 
on the ce ll type used. Thus, in S FV-in fected Baby Ham ster K idney (BHK) 
cells grown in the presence o f monensin, transpo rt fro m  the m edial to  the 
trans G olg i is inh ib ited  (G r iff ith s  e t a l., 1983; Quinn e t a l., 1983), 
however, when SFV-in fected ch ick em bryo ce lls are grown in the presence 
of monensin (Pesonen and Kaaria inen, 1982), transpo rt o f membrane bound 
proteins is inh ib ited  a fte r  they have le f t  the G o lg i c isternae. W hether 
these d iffe rences re f le c t d if fe re n t e ffic ie n c ie s  o f transpo rt o f the drug in 
the tw o  ce ll types or w hether d if fe re n t ta rge ts  ex is t in d iffe re n t ce ll types 
is not known.
1-13 G lycosid ic enzym es as tools fo r  s tru c tu ra l studies on 
oligosaccharides
G lycosid ic enzymes fa l l in to  tw o categories; exoglycosidases, and
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endoglycosidases.
Exoglycosidases cleave only te rm in a l sugar residues and can reveal 
the con fig u ra tion  o f the o ligosaccharide by the s p e c ific ity  o f the
glycosidase fo r alpha and beta linkage. The s p e c ific ity  o f the 
exoglycosidases, glucosidases I and II and mannosidases lA , IB and II have 
been reported  in Section 1.11.2. O thers include neuraminadase (Cassidy
et a l., 1965) which cleaves te rm in a l s ia lic  acid, beta-D -ga lactos idase (L i 
and L i, 1968; Spiro, 1962) which cleaves te rm in a l be ta -linked  galactose
and a lpha-L-fucosidase (Bahl, 1970) which cleaves te rm in a l a lpha-linked
fucose.
Endoglycosidases cleave w ith in  the oligosaccharide chain. The two 
most fre qu e n tly  used to  e lucidate o ligosaccharide s tru c tu re  are endo-beta- 
N -acety lg lucosam in idase-D  (endo-D) (M uram atsu, 1971) and endo-beta-N - 
acetylg lucosam inidase-H  (endo-H) (Tarentino  e t a l., 1972; Tarentino  and 
Maley, 1974). The ir cleavage sites are shown in f ig .  16. Endo-D is
suitable fo r  studies on g lycoprote ins w ith  com plex oligosaccharides (Koide 
and M uram atsu, 1974) in which s ia lic  acid, galactose and N -a c e ty l­
glucosamine have been removed w ith  exoglycosidases fro m  the mannose
a lp h a -l-3 - lin ke d  to  the innerm ost mannose residue (Tai e t a l., 1975). 
Endo-H is su itab le  fo r  studies on g lycopro te ins w ith  high-mannose type 
oligosaccharides (Tarentino  et a l., 1972; Tarentino  and M aley, 1974). 
Another usefu l endoglycosidase is a lpha -D -N -ace ty lga lac tosam iny l- 
oligosaccharidase (NAGO) (Huang and A m in o ff, 1972) which cleaves
desialylated oligosaccharide chains th a t are linked O -g lycos id ica lly  through 
a lpha-D -N -ace ty lga lac tosam iny l residues to  serine or threon ine residues o f 
the p ro te in  ( f ig . 16).
1.14 Lectin s
Lectins are p ro te ins which are characte rised  by th e ir  p roperty  to
;ma nn— glc N Ac-Â-glcN Ac— Asn
(a.)
R—mann^  i ^
sial—gal-glcNAc—mann-
must be removed 
with exoglycosidases 
prior to action of 
endo-D.
lb.)
(c.)
Î
endo-D
(mann)—glcNAc^glcNAc—Asn 
n > 3  endo-H
R—gal—gal NAc-^ser/thr 
NAGO
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Mode o f enzym ic ac tion  o f (a) endo-D, (b) endo-H and (c) N - 
acetylgalactosam ine oligosaccharidase (NAGO). (a) Endo-D cleaves com plex 
oligosaccharides (Koide and M uram atsu, 1974) in which the mannose 
residues alpha- 1-3 linked  to  the innerm ost mannose residue is 
unsubstituted (Tai e t a l. , 1975). R can conta in  sia l, gal and g lcN A c.
(b) Endo-H can cleave high-mannose type oligosaccharides (Taren tino  e t a l. , 
1972; Tarentino  and M aley, 1974). (c) NAGO cleaves O -linked
oligosaccharides a t the s ite  shown (Huang and A m in o ff, 1972). .
TA B L E  3
Binding c h a ra c te r is tic s  o f some le c tin s
le c tin source sugar s p e c if ic ity Ref®
concanavalin A jack  bean glu; mann 1, 2
soybean agg lu tin in soybean gal; ga lN Ac 1, 2
he lix  pom atia  le c tin vineyard  snail ga lN Ac 3
wheat germ agg lu tin in wheat germ g lcN A c 1, 2
hepatic le c tin m am m alian liv e r gal; ga lN Ac 4
Key to references (REF) 
Sharon and L is, 1972 
Goldstein and Hayes, 1978 
Axelsson et a i., 1978 
Achord et a l., 1978
A bbrevia tions used are:
glucose (glu), mannose (mann), galactose (gal),
N -ace ty lga lactosam ine  (ga lN A c), N -ace ty lg lucosam ine  (g lcN A c)
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bind the sugar residues o f g lycopro te ins  and are found in a ll ca tegories o f 
liv ing  organisms. Table 3 lis ts  several lec tins  and th e ir  sugar s p e c ific it ie s .
H am blin and K e n t (1973) f i r s t  showed th a t le c tin s  are responsible 
fo r the binding o f n itrogen  f ix in g  bac te ria  to  the ro o t hairs o f p lan ts v ia  a 
le c tin -ba c te ria  in te ra c tio n . Since then, many le c tin s  have been found to 
be involved in th is type  o f in te ra c tio n , each le c tin  b inding a sp ec ific  s tra in  
of n itrogen f ix in g  b a c te ria  ( fo r re v ie w , see Sharon and L is , 1982).
A hepatic le c tin  has been iso la ted fro m  ra t and ra b b it liv e r  
(S tockert e t a l., 1974; LaBadie e t a l., 1975; P rice r and A shw ell, 1976) 
tha t binds des ia ly la ted  serum g lycopro te ins th a t te rm in a te  in galactose or 
N -acetylga lactosam ine residues. The des ia ly la ted  g lycopro te ins are then 
transferred from  the c irc u la tio n  to the hepa toce llu la r lysosomes, where 
catabolism occurs (Hubbard e t a l. , 1979).
However, the endogenous fun c tio n  o f most le c tins  is not known. 
They were in it ia lly  used in se ro log ica l blood typ ing  because d if fe re n t 
lectins p re fe re n tia lly  agg lu tina te  red blood ce lls  o f d if fe re n t types (W atkins 
and Morgan, 1952; W atkins, 1972). Some p lan t le c tins  can induce 
mitogenesis (N ow e ll, 1960), consequently these p ro te ins became w ide ly  used 
reagents in im m unology. Lec tins  have also been used ex tens ive ly  as 
a ff in ity  reagents fo r p u r ify in g  g lycopro te ins.
1-15 Functions o f th e  carb o h yd ra te  m o iety
The approaches most fre qu e n tly  used to  investiga te  the fun c tio n  o f 
the oligosaccharides o f g lycopro te ins  are, e lim in a tio n  o f the sugar m o ie ty  
by glycosidases (see Section 1.13), p revention  o f a ttachm en t o f the sugar 
moiety to the po lypeptide  (see Section 1.12), the use o f in h ib ito rs  o f 
processing to  m od ify  the o ligosaccharide s tru c tu re  on the po lypeptide  (see 
Section 1.12), and iso la tion  o f ce ll m utants w ith  defects in the synthesis o f 
g lycosyltransferases (Meager e t a l., 1975, 1976; G o ttlie b  e t a l., 1979).
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Using these approaches, the  fo llo w in g  ro les have been proposed fo r
the oligosaccharide m o ie ty  o f g lycopro te ins: (i) M aintenance o f p ro te in
conform ation and s o lu b ility , ( ii)  S tab ilisa tion  o f the po lypep tide  against 
proteolysis, ( i i i)  M ed ia tion  o f b io log ica l a c t iv ity ,  and (iv ) In tra c e llu la r 
sorting and e x te rn a lisa tion .
The o ligosaccharide  m o ie ty  can represent a s ig n ific a n t a lte ra tio n  in 
the size and s tru c tu re  o f the polypeptide  and may m od ify  such 
physicochemical p rope rties  as con fo rm a tion  and s o lu b ility . Gibson e t a l. 
(1978, 1979) observed th a t d iffe rences  in the p roperties  o f non-g lycosyla ted 
G prote in  o f VSV, synthesised in in fec te d  ce lls  in the presence o f TM,
depended on the tem pe ra tu re  a t which i t  was synthesised. Non-
glycosylated G p ro te in  e x tra c te d  fro m  ce lls  in fec te d  a t 38oc was insoluble 
in a b u ffe r con ta in ing  T rito n -X -1 0 0 , whereas non-g lycosyla ted G p ro te in  
synthesised at 30°C  rem ained in so lu tion  a t the top o f a sucrose g rad ien t 
(as did g lycosylated G p ro te in ). Fu rthe rm ore , when the non-g lycosyla ted G 
protein, synthesised a t e ith e r 30°C  or 38°C  was e x trac te d  w ith  6M 
guanidine hydroch lo ride  (G uH C l), conta in ing  T rito n -X -1 0 0 , and then dialysed 
to remove the G uH C l, the G p ro te in  dialysed a t +40C rem ained in so lu tion , 
while those m olecules dia lysed a t 38°C  did not, dem onstra ting  th a t non- 
glycosylated G p ro te in  undergoes a con fo rm a tiona l change a t e levated 
tem peratures resu lting  in  aggregation and in so lu b ility .
Evidence suggesting th a t processing o f the oligosaccharide chains 
confers con fo rm a tiona l change on g lycopro te ins was presented by Schwarz 
(1979) who raised antibodies against non-g lycosyla ted envelope pro te ins o f 
SFV. The antibodies did not re a c t w ith  the native  g lycosyla ted 
counterparts o f SFV, but did re a c t w ith  the high mannose precursor 
glycopeptide o f the envelope p ro te in . This suggests th a t the fo rm a tio n  o f 
complex oligosaccharides confers con fo rm a tiona l fea tu res on the m ature 
glycoprotein which are not present on the non-g lycosyla ted species.
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The way in which the oligosaccharide m o ie ty  p ro tec ts  against 
p ro teo lysis is not known. Studies on the se n s itiv ity  o f RNase A and RNase 
B to pro teo lys is by tryps in  (reviewed by Olden e t a l., 1985) suggest th a t 
proteolysis can be m odulated by the physical access ib ility  to  the cleavage 
site o f the p ro te in , since RNase A and RNase B are s im ila r except fo r  the 
presence o f a single high mannose type o ligosaccharide on asparagine 34 o f 
RNase B (P lum m er and H irs, 1964). RNase B was 6-10 tim es more 
resistant to  tryps in  d igestion than non-g lycosyla ted RNase. F u rthe rm ore, 
RNase B w ith  sm a lle r oligosaccharide chains were sensitive to  pro teo lysis 
at ra tes p ropo rtiona l to  the size o f the oligosaccharide, ind ica ting  th a t the 
p ro x im ity  o f the carbohydrate to the cleavage site  is im p o rta n t.
A nother exam ple in which pro teo lysis is con tro lled  by the presence
of o ligosaccharide chains is the cleavage o f the HA g lycopro te in  o f
in fluenza virus in to  subunits H A l and HA2 (K lenk e t a l., 1975; Laza row itz  
and Choppin, 1975). Several investiga tors  (Schwarz e t a l., 1976; 
Nakamura and Compans, 1978) have observed th a t the non-g lycosyla ted HA 
g lycopro te in  is h igh ly susceptible to  p ro te o ly tic  degradation.
The presence o f the oligosaccharide m o ie ty  has been shown to be 
essential fo r  the b io log ica l a c tiv ity  o f a few  g lycopro te ins. For exam ple, 
ca rbohyd ra te -de fic ien t monoclonal hap ten -spec ific  antibodies behaved like  
normal antibodies w ith  respect to  antigen- and p ro te in  A -b ind ing p roperties, 
but lost th e ir  a b ility  to  a c tiva te  com plem ent, to  bind to  F c-recep to rs  and 
to induce c y to to x ic ity  (Nose and W igze ll, 1983) ind ica ting  th a t the loss o f
oligosaccharides fro m  im m unoglobulins have a profound e ffe c t on th e ir
b io log ica l a c tiv ity .
Transport o f g lycoprote ins to  spec ific  organelles may require  the 
presence o f in fo rm a tion  inherent in the g lycopro te in . L e a v it t  e t a l. (1977) 
showed th a t non-g lycosyla ted G p ro te in  o f VSV, synthesised in in fec ted  
cells in the presence o f TM, is not transported to  the ce ll surface.
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suggesting th a t the o ligosaccharide m o ie ties o f g lycopro te in  G are required  
fo r  transpo rt to  the ce ll surface.
A lthough the secre tion  o f g lycopro te ins  depends on the absence o f 
a membrane anchoring sequence (see Section 1.10.2), usually loca ted  near 
the ca rboxy-te rm inus o f the po lypeptide , o ligosaccharide processing may be 
im portan t fo r  the secre tion  o f, a t least, some g lycopro te ins. Secretion o f 
the a lpha -l-p ro te inase  in h ib ito r was inh ib ite d  by concentra tions o f 1- 
deoxyno jirim yc in  which inh ib ite d  tr im m in g  o f the innerm ost glucose residue 
on the trans fe rred  high mannose o ligosaccharide, but did not in h ib it 
g lycosyla tion  as measured by su sce p tib ility  o f the p ro te in  to  
endoglucosaminidase-H and inco rpo ra tion  o f ^H -galactose and 3[-|-fucose 
(Gross e t a l., 1983). The authors also showed th a t only those a lp h a - l-  
proteinase in h ib ito r m olecules, in w hich o ligosaccharide processing was not 
inh ib ited , were secreted, dem onstra ting  the im portance  of o ligosaccharide 
processing fo r  the secre tion  o f a lp ha -l-p ro te in ase  in h ib ito r.
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S EC TIO N  C : H S V -IN D U C E D  G L Y C O P R O T E IN S
1.16 N o m en c la tu re  o f th e  HSV g lycoproteins
The ru les fo r  naming the HSV g lycopro te ins as discussed a t the
Eighth In te rn a tion a l Herpesvirus Workshop (O xford) are as fo llo w s :-
(i) A ll fo rm s o f a g lycopro te in  arising fro m  a p a rtic u la r gene shall 
have the same le t te r  designation, p re fixed  by the sm all le t te r  "g " 
(e.g. gB);
( ii)  Unstable or stable precursor form s shall have the  p re fix  "p " (e.g. 
pgB). D if fe re n t precursor form s can be d istinguished by adding the 
apparent MW (x lQ -^) in parenthesis;
( i i i)  N ew ly discovered g lycopro te ins shall be assigned the next a lphabetic  
le t te r  in sequence;
(iv) The s u ff ix  " -1 "  or "-2 " can be used to  d istingu ish between HSV-1 
and HSV-2 encoded g lycopro te ins (e.g. gB encoded by HSV-1 is 
gB-1);
(v) The term s gA and gp shall not be used.
This is because the g lycopro te in  o r ig in a lly  designated gA (Spear, 
1976) is now known to  be a n tigen ica lly  re la ted  to  gB (Eberle and 
C ourtney, 1980b; Pereira e t a l. , 1981) and the HSV-2 g lycopro te in  
designated gF o rig in a lly  id e n tifie d  by Balachandran e t al. (1981) is 
now known to  be the gene tica lly  re la ted  coun te rpa rt o f gC-1 (Para 
e t a l., 1983; Zweig e t a l., 1983; Zezulak and Spear, 1983, 1984b). 
The g lycopro te in  designated gC-2 by Ruyechan e t al. (1979) was 
in c o rre c tly  mapped and thought to be the coun te rpa rt o f gC-1. I t  
has now been remapped and redesignated as gG-2 (Roizm an e t a l., 
1984) and probably corresponds to  the p ro te in  o rig in a lly  designated 
g92K and mapped by Marsden e t a l. (1978, 1984).
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1.17 G en etic  lo catio n s  o f the  HSV g lycoproteins
Seven g lycopro te ins  have been id e n tif ie d  in  H S V -in fected  cells 
( f ig . 17) -  gB, gC, gD (Spear, 1976), gE (Baucke and Spear, 1979), gG 
(Roizm an et a l., 1984), g92K (Marsden et a l., 1978, 1984) and gH
(Buckm aster e t a l. , 1984). The genes encoding gB, gC, gD and gE were 
o rig in a lly  mapped onto the HSV genome using HSV-1 x HSV-2 in te r ty p ic  
recom binants (Marsden e t a l. , 1978; Ruyechan et a l. , 1979; Hope et a l., 
1982; Para e t a l. , 1982b, 1983; Hope and Marsden, 1983). Lee e t al. 
(1982a) in v itro  se lected m R N A to  define the genome loca tions o f gD and 
gE more p rec ise ly .
g92K id e n tif ie d  by Marsden e t a l. (1978) in H S V -2 -in fec ted  ce lls 
was shown to  be d is tin c t fro m  gB-2, gC-2, gD-2 and gE-2 (Marsden e t a l. , 
1984). The map lo ca tio n  o f g92K overlaps the map lo ca tion  o f gG 
(Roizm an et a l., 1984). Thus i t  is possible th a t they may be the same 
p ro te in . No type -1  coun te rpa rts  o f g92K or gG have been id e n tif ie d  ye t.
gH was id e n tif ie d  as a new g lycopro te in  by Buckm aster e t al.
(1984) by im m un o p rec ip ita tin g  w ith  m onoclonal antibodies and mapping 
studies. Im m unop ré c ip ita tio n  experim ents using the m onoclonal antibody 
d irected  against gH or the m onoclonal antibody d irec ted  against a 110000 
dalton g lycopro te in  id e n tif ie d  by Showalter et a l. (1981) showed th a t gH 
corresponds to  the 110000 da lton  g lycopro te in  (Buckm aster e t a l. , 1984).
A g lycopro te in  designated g Y  (P a lfreym an e t a l., 1983) was induced 
in  ce lls in fec te d  w ith  HSV-1. I t  has the same apparent MW as gC-1 but 
has a more basic iso e le c tr ic  po in t. I t  is not known w hether gV is 
an tigen ica lly  re la ted  to  one o f the o ther previously id e n tif ie d  g lycopro te ins, 
however, i t  has been mapped by HSV-1 x HSV-2 in te r ty p ic  recom binants 
and lies between co-o rd ina tes 0.64-0.67mu, which spans the  region encoding 
gC-1 which suggests i t  and gC-1 may be re la ted  (H.S. Marsden, personal 
com m unication).
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Representation o f the HSV genome in the p ro to type  o rie n ta tio n  showing the 
approximate map loca tions o f the genes encoding the v ira l g lycopro te ins. 
The scale represents the fra c t io n a l genome length (mu). Solid boxes ( ■  ) 
represent those genes w hich have been sequenced. Hatched boxes ( es ) 
represent those genes which have not been sequenced.
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More re ce n tly , the com plete  D N A sequence has been obtained fo r 
the fo llo w in g  g lycopro te ins: gB-1, s tra in  F (P e lle t e t a l. , 1985) and s tra in
KOS (Bzik e t a l., 1984a); gC-1, s tra in  KOS (F rink  e t a l., 1983); gC-2,
s tra in  G (Dowbenko and Lasky, 1984) and s tra in  333 (Swain e t a l., 1985);
gD-1, s tra in  Patton  (Watson e t a l. , 1982) and s tra in  17 syn+ (McGeoch
e t a l., 1985); gD-2 fro m  s tra in  G (W atson, 1983) and gE-1 fro m  s tra in  17
syn+ (McGeoch et a l., 1985).
1.18 P rim a ry  s tru c tu res  o f the  HSV g lycopro te ins
Im m unolog ica l approaches, using m onospecific  antisera  or
monoclonal antibodies have established th a t each o f the  g lycopro te ins, gB 
(N o rrild  e t a l., 1978a; Pereira  e t a l. , 1981; Showalter e t a l., 1981), gC 
(Zweig e t a l., 1983, 1984; Zezulak and Spear, 1983, 1984b), gD (Cohen 
et a l., 1978; Pereira e t a l., 1980; Eisenberg e t a l. , 1980, 1982b) and gE 
(Baucke and Spear, 1979; Para e t a l., 1982b) have a n tigen ica lly  re la ted  
counterparts in HSV-1 and HSV-2. This suggests a degree o f homology and 
s im ila r ity  in s truc tu re  between the corresponding g lycopro te ins o f HSV-1 
and HSV-2.
More precise data about th e ir  s tru c tu re  has come fro m  sequencing 
the genes encoding the HSV g lycopro te ins. The im p o rta n t fea tu res o f the 
predicted amino acid sequences are shown in f ig . 18. I t  should be noted 
tha t the gC-1 sequence (F rink e t a l. , 1983) has been amended by Draper 
et al. (1984a) and Dowbenko and Lasky (1984) and the revised p red ic ted  
sequence is tw e lve  amino acids (aa) shorte r a t the ca rboxy-te rm inus than 
the o rig ina l. Furtherm ore, the carboxy te rm in a l th ree  amino acids are 
changed fro m  ile -g ly -g ly -C O O H  to h is-a rg -a rg -C O O H .
Dowbenko and Lasky (1984) and Swain e t al. (1985) estim ated  the 
homology between gC-1 and gC-2 to  be 62% and 69% respec tive ly . These 
homology studies p re d ic t a region in the gC-1 gene which is not present in
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Summary o f the H S V -g lycopro te in  p rim ary  s tructu res based on published 
DNA sequences (references are given in the righ t-hand  colum n). Each 
horizontal line represents the length  o f the polypeptide chain, the number 
of amino acids in the p ro te in  is p rin ted  in parenthesis beside the carboxy 
(COOH) term inus. The amino (N H 2) term inus is taken as amino acid (aa) 
number 1. The g lycopro te in  represented and the s tra in  from  which the 
DNA was sequenced is ind ica ted  on the le ft-ha n d  side. The essentia l 
features predicted fo r each g lycopro te in  are shown. These are, the signal 
sequence (solid boxes), membrane anchoring sequences (open boxes) and 
potentia l sites fo r the add ition  o f N -linked  oligosaccharides (arrows). For 
those g lycoprote ins which have been sequenced fro m  more than one s tra in , 
conserved po te n tia l o ligosaccharide add ition  sites are shown by dotted  lines. 
The MW_ of the p red ic ted  p rim a ry  am ino acid sequence is also shown. The 
stipled boxes below the line representing gC-1 ind ica te  sequences missing 
from gC-2 as p red ic ted  by Dowbenko and Lasky (1984) (D) or Swain e t a l.
(1985) (S) (see te x t).
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the gC-2 gene. A lthough both gC-2 genes (from  d iffe re n t stra ins) are 
v ir tu a lly  id e n tica l ( la a  add ition  and 1 change, s tra in  333 o f HSV-2; Swain 
et a l., 1985), both authors p re d ic t de letions in a d if fe re n t region o f the 
gene. There is a sequence o f s ix ty -s ix  am ino acids in gC-1 spanning the 
tw o deletions o f gC -2. O f these, Swain e t a l. (1985) can align sixteen 
amino acids and Dowbenko and Lasky (1984) can a lign eleven amino acids. 
This data suggests the  region p red ic ted  by Swain e t a l. (1985) is co rre c t, 
however, the poss ib ility  exists th a t ne ithe r a lignm ent is co rre c t. This 
deletion is o f in te re s t since gC-1, but not gC -2, has been shown to  conta in  
a recep to r fo r  the C3b com ponent o f com plem ent (Friedm an e t a l., 1984).
Comparison o f the p red ic ted  amino acid sequences o f gD-1 and gD- 
2 (Watson, 1983) shows 86% hom ology. Eisenberg e t al. (1984) have 
obtained the  amino te rm in a l sequence o f na tive  gD-1 (HG stra in ) and 
native gD-2 (s tra in  Savage) by d ire c t am ino acid sequencing o f the p u rified  
p ro te in . T he ir data in d ica te  th a t the f i r s t  tw e n ty - f iv e  amino acids o f the 
pred icted  open reading fram e  o f both serotypes are not present in the 
pu rified  p ro te in , thus id e n tify in g  the s ite  o f cleavage a fte r the signal 
sequence. This is in  agreem ent w ith  the p red ic ted  signal sequences o f 
Watson e t a l. (1982), Watson (1983) and McGeoch e t a l. (1985).
Studies to  es tim a te  the MW o f the polypeptide backbone o f the 
HSV g lycopro te ins have included tra ns la tio n  o f selected m RN A, cleavage of 
the oligosaccharides, or in h ib itin g  the tra n s fe r o f oligosaccharides fro m  
dolichol pyrophosphate to  the po lypep tide . The MW o f the pred icted amino 
acid sequences can be compared w ith  the observed MW estim ated from  
SDS-gels. Table 4 shows th is  com parison and ind icates the experim enta l 
approach. The p red ic ted  MWs are com patib le  w ith  the observed MWs and 
suggests th a t each o f the expe rim en ta l approaches can be used as a 
reasonable es tim a te  o f the ac tua l MW o f the polypeptide backbone.
Studies inves tiga ting  the number and loca tion  o f the antigen ic
CM
I
>
I
u
-I
00
<
I -
I
>
LO
I
0)uc
<D(-)0)4-(D
n:
TDOJ
>
fe
COJDo
■o
CD
CDk0_
CD
Üc
CD(_
CD
4 -
CD
Q£
■O
CD
>{-.
CD
COJD
O
TD
CD
■D
CD
f -
D_
Û
Z
Ûz
A
U
iq
cT Lj_
jq w
CO 1—1
CDCD CDcq CD
lA CD
0 uTI—1
0 0
CD CD0 CDCD CD
wT uTON VO
UO LOo _ 0
Y  L Y
0  lACD rH VOA iH CD
CD CD ltTCD CD Af—4
m uCJl CDl
Ü
CDCDCD
LTN
Ü
CDCDMD
LT\ m
Û
Z
Ü
CM
ODCD
rX'
rX"
cT
TD
CDCDCD
rHir\
o
CDCDCD
VO<r
5; :CM
Ûcn
Q
Z
Q
Z
KV
-o
CDOO
VOVO
+
CDcrvCD
Ov
LA
Ucn
■o
>U
03mno
okaou
CO«u
Cok«
4-
03
d
ACCD CDCD 00 CD
A1^
1—1 rH
Q UCJl CJl
A C ^ AC
O  0o o a q
VD |v 
VO st
H H 
I I
U Q01 01
O O O C D O O C D O O O O O O
C D C D O O O O O O O O O o o
O O O O C D O C D O O O O o o
AC3DOAOr^i-'^<tOVVOHiApOvOvOOr-'Ov^'^VJvJ-tAoP
1—IrH I—Cr-H I—Ii—I •—ICN r—I i—l H rl r 
I I I I I I I I I I I I I
CQCDCDCDljümUUUGÛCDÎcncncncncncrcncTicnoicnac
CD
CM
0 0
O V
c
s
C l
CD
TD
CD
D -
TD
C
CO
I D
tA
y—s 00
rA o\
C O  I— I 
CDv
CD
c
CD
"O
ICD - j j
2 5
CO
l ë
CO
H  “rj CO •- (D
R CD
PA
C O
ON
i l luD r i
inCD
o
CM -
00 .ON (0 rH CM ffi 
00
o o
CD
m5
^  « - Î
(0  JD  O T O  LiJ L _ U
T A B L E  4
Comparison o f the MWs o f the p red ic ted  p rim ary  amino acid sequence (see 
fig . 18) o f gB, gC, gD and gE o f HSV-1 and HSV-2 stra ins w ith  the 
observed MW o f g lycopro te ins under conditions in which g lycosyla tion  was 
inhibited. The observed MWs were estim ated  by SDS-PAGE analysis o f 
cells in fec ted  w ith  HSV a fte r  tre a tm e n t w ith  tun icam ycin  (sm all le tte rs , 
e.g. a), so lubilised e x trac ts  o f in fec ted  ce lls trea ted  w ith  endoglycosidases 
(capita l le tte rs , e.g. E) or in v itro  tra ns la tio n  o f m RNA (numbers). The 
le tte rs or numbers ind ica te  the re ference in which the data is given.
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determ inants o f HSV-gly coprote ins have been ca rried  out. Ten epitopes o f 
gD have been id e n tif ie d  (Eisenberg e t a l. , 1982a; D ie tzschold  e t a l. , 1984) 
using lim ite d  pro teo lys is  and observing, by SDS-PAGE, which fragm ents  
rem ained bound to  m onoclonal antibodies. Three o f these epitopes are 
H SV-2-specific , th ree  are H S V -l-s p e c ific  and fou r are type-com m on 
(D ie tzschold  e t a l., 1984; Eisenberg e t a l., 1985). O f these ten epitopes, 
fou r o f them  are destroyed when the p ro te in  is denatured, suggesting th a t 
they depend on the te r t ia ry  s tru c tu re  o f gD. Eisenberg e t a l. (1985) 
determ ined th a t the fo u r epitopes susceptib le to  dénatu ra tion  lie  w ith in  the 
f ir s t  260 amino acids o f the m ature  p ro te in  since antibodies d irec ted  
against these fou r epitopes reacted  w ith  trunca ted  gD (residues 1-260). 
The rem ain ing  six epitopes were re ce n tly  loca ted  ( f ig . 19) using syn the tic  
peptides (Eisenberg et a l. , 1984, 1985; D ie tzschold  e t a l., 1984).
The antigen ic dete rm inan ts  in gC-1 have also been stud ied. M arlin  
e t al. (1985) id e n tif ie d  nine epitopes d is trib u te d  between tw o d is tin c t 
regions o f gC-1 (fig . 19). These authors used a series o f an tigen ic  va rian ts  
o f HSV-1 (designated m onoclonal antibody res is tan t (m ar) m utants), each o f 
which express an a n tigen ica lly  a lte red  fo rm  o f gC-1 and w hich are 
res is tan t to  neu tra lisa tion  w ith  a t least one member o f a panel o f gC- 
spec ific , neu tra lis ing  m onoclonal antibodies. The epitopes were grouped 
in to  antigen ic  sites by eva luating  the  p a tte rn  o f n eu tra lisa tion  observed 
w ith  the panel o f monoclonal antibodies.
1 .19  H S V -q lyco p ro te in  synthesis  
1.19.1 K ine tics
The synthesis o f some o f the HSV g lycopro te ins have been 
investiga ted. F ig. 20 represents a summary o f th is  data. Balachandran 
e t al. (1982b) determ ined the k in e tics  o f synthesis o f HSV-2 g lycopro te ins  
by im m unopréc ip ita tion  w ith  m onoclonal antibodies d irec ted  against gB, gC,
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Summary o f the lo ca tion  o f epitopes in (a) g lycop ro te in  D, (b) g lyco p ro te in
C of HSV-1. The long h o rizon ta l lines represent the length o f the
predicted po lypeptide  chain, the number o f am ino acids (aa) in each p ro te in
is prin ted at the carboxy (COOH) te rm inus. The amino (N H 2) te rm inus is 
taken as amino acid num ber 1. The open boxes ( t= ] )  represent th a t p a rt 
of the polypeptide chain which contains a p a rtic u la r epitope. The broken 
line in parenthesis ind ica tes th a t th is  s ite  was loca ted  on the basis th a t 
monoclonal antibodies im m unoprec ip ita ted  w ild -typ e  gC-1, but did not 
im m unoprecip ita te  trunca ted  fo rm s o f gC-1. An an tigen ic  s ite  (e.g. s ite  1 
in gC-1) may conta in  more than one epitope (Y ew de ll and Gerhard, 1981). 
A (rc) or ( ts )  a fte r  an epitope denotes w hether i t  is type-com m on or typ e - 
specific, re sp ec tive ly .
( a j
ÜJ
O<
LU
O
CC
LU
CL
5  5 6 0 -
A gB-2 
A gC-2
O gD-2 
□  gE-2
1-3h. 3-5K 5-7h. 7-9h. 9-11h. 
Balachandran et. al. (1982b)
(b.)
?o
CL
O
1 gC-1
#  g D -1
2h. Ah. 6h. 8h.
Johnson and Spear(198A)
F IG U R E  20
Kinetics o f synthesis o f HSV g lycopro te ins;
(a) Im m unoprec ip ita ted  HSV-2 polypeptides were excised fro m  gels and 
counted in a liqu id  s c in tilla t io n  counter. The amount o f 
rad io labe lled  g lycopro te ins  p rec ip ita ted  re la tiv e  to the to ta l amount 
o f [ ^^S ]-m eth ion ine  incorpora ted in to  T C A -p rec ip itab le  m a te ria l 
during each 2h pulse were then ca lcu la ted and expressed as 
percentages of the values corresponding to  m aximum synthesis o f 
each g lycop ro te in .
(b) Q uan tita tion  o f gC-1 and gD-1 synthesised at various tim es a fte r 
in fec tio n  w ith  HSV-1. Im m unoprec ip ita ted  polypeptides were 
excised fro m  gels and dissolved in 2% period ic acid, and then the 
ra d io a c tiv ity  was counted.
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gD and gE ( f ig . 20a). A ll g lycopro te ins were synthesised as early  as l-3 h .  
Synthesis o f gE-2 and gD-2 increased t i l l  3-5h and 5-7h respec tive ly , but 
decreased th e re a fte r. Synthesis o f gB-2 and gC -2 increased th roughout the 
in fec tious cyc le .
The k in e tics  o f synthesis o f gD-1, gC-1 (F ig . 20b) (Johnson and
Spear, 1984) and gE-1 (th is  thesis), are com parable w ith  those o f gD -2, 
gC-2 and gE-2 re spec tive ly  (Balachandran e t a l. , 1982b).
1.19.2 R egula tion
The HSV pro te ins are under tem pora l regu la tion  (see Section 1.8.1). 
The synthesis o f the HSV-1 g lycopro te ins have been studied w ith  respect to  
the ir requ irem ents fo r  p rio r v ira l DNA synthesis. Experim ents w ith  the 
DNA in h ib ito r phosphonoacetic acid (PAA) suggest th a t gC-1 is in the
gamma (la te ) regula ted class (Peake et a l., 1982), w h ile  gB-1 and gD-1 do 
not f i t  nea tly  in to  the scheme o f Honess and Roizman (1974, 1975). 
Wagner (1985) suggested th a t gB-1 and gD-1 be term ed beta-gam m a 
because synthesis o f gB-1 and gD-1 is in it ia te d  before DNA synthesis, but 
maximum ra tes o f synthesis are not reached t i l l  a fte r  DNA synthesis. 
However, th is  beta-gam m a class should probably be subdivided since gB-1 is 
made in increasing amounts throughout in fe c tio n  w h ile  gD-1 synthesis peaks 
5-7h a fte r  in fe c tio n . PAA prevents the synthesis o f gC-1 m R N A and
supports its  c la ss ifica tio n  as a la te  gene (Peake e t a l., 1982).
The regu la tion  o f expression o f gD-1 has been studied extens ive ly  
(Gibson and Spear, 1983; E ve re tt, 1983, 1984a, b; E ve re tt and Dunlop, 
1984). A ll the DN A sequences necessary fo r  regulated expression o f 
transcrip tion  o f gD-1 m RNA lie  w ith in  83bp o f the RNA s ta r t s ite
(E vere tt, 1983). E a rlie r studies established th a t the product o f IE gene 3
(Vtv|wl75) was essentia l fo r  early gene expression (Preston, 1979a; Watson 
and C lem ents, 1980).
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Johnson and Spear (1984) presented evidence fo r  re g u la tio n  o f the 
synthesis o f gD-1 a t the  tra n s la tio n a l le ve l. They showed, by tra n s fe r o f 
mRNA e x tra c te d  fro m  in fe c te d  HEp-2 ce lls  to  n itro ce llu lo se  fo llo w ed  by 
hybridisation w ith  cloned HSV-1 D N A  fragm en ts , th a t gD-1 m R N A  
accumulates a t tim e s  when gD -1 po lypep tide  synthesis declines. How ever, 
this resu lt con tras ts  w ith  da ta  by Johnson, A .P ., M acLean, C ., Marsden,
H.S., D a lz ie l, R .G . and E v e re tt, R .D . (m anuscipt in  p repa ra tion ) who show, 
using q u a n tita tive  S I m apping, th a t gD-1 m R N A e x tra c te d  fro m  in fe c te d  
BHK cells declines a t the  same tim e  as gD-1 po lypep tide  synthesis. 
Whether these co n tra s tin g  resu lts  are due to  the  d if fe re n t techniques used 
and/or the c e ll lin e , rem ains to  be tes ted .
Com parison o f the  gD -1 p rom o te r reg ion  w ith  the  analogous regions 
in other g lyco p ro te in  genes ( f ig .  21a) shows th a t the re  are no sequences 
present a t equ iva len t pos itions in a ll the  genes. H owever, G -rich  
sequences can be id e n tif ie d  in  a ll o f the  p rom ote rs  and A C -ric h  regions 
can be id e n tif ie d  in m ost o f the  p rom ote rs a t app rox im a te ly  the  same 
locations. S im ila r ly , a com parison o f the  D N A  sequences around the 3' 
terminus o f the  m RN As ( f ig .  21b) id e n tif ie s  the po lyadeny la tion  signal 
(Proudfoot and B row nlee, 1974, 1976) about 20bp befo re  the  3' te rm inus 
and a G T -rich  sequence about 30bp beyond the A A T A A A  signal 
(McLauchlan e t a l. , 1985) though t to  p lay a ro le  in the  processing o f 
mRNA 3' te rm inus.
Mapping o f the m R N As transcribed  fro m  the H S V -g lycopro te in  
genes have id e n tif ie d  fa m ilie s  o f m RN As w hich  share 3' te rm in i. These 
include gC-1 (F rink  e t a l. , 1983), gC-2 (D raper e t a l. , 1984b), gD-1 (Watson 
Gt a l., 1983; Iku ra  e t a l. , 1983; R ixon and McGeoch, 1985) and gE-1 
(Rixon and McGeoch, 1985), bu t not the m RNAs o f gB-1 (B z ik  e t a l. , 
1984a; R a fie ld  and K n ipe , 1984). The p o ss ib ility  ex ists th a t the  fu n c tio n  
of the tra ns la tio n  products fro m  these m R N A  fa m ilie s  re la tes  in  some way.
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DNA sequences (a) upstream  o f the 5' end, and (b) downstream  o f 
glycoprotein mRNAs. A ll sequences are in the 5'-3' o r ie n ta tio n , (a) shows 
the 85 bases upstream o f the tra n sc rip tio n  in it ia t io n  s ite . The T A T A  box 
(Breathnach and Chambon, 1981; Benoist et a l. , 1980; E fs tra tia d is  e t a l., 
1980) fo r each sequence is underlined. Also ind ica ted  by a dashed line are 
those sequences (which are s im ila r to the sequence elem ents thought to  be 
important fo r the a c tiva tio n  o f tra n sc rip tio n  o f the gD-1 gene (E ve re tt, 
1983)) which may be Im portan t fo r the a c tiva tio n  o f tra nsc rip tion  o f tha t 
gene, (b) shows the 80 bases downstream  fro m  the polyadenyla tion  signal 
AATAAA or A T T A A A  (underlined) (P roudfoot and Brownlee, 1974, 1976). 
The 3' end of the m RNAs (- - - -;) where known, are ind icated and the 
GT-rich sequence (underlined) which are thought to play a ro le  in post- 
transcriptional processing o f the 3' te rm inus (M cLauchlan e t a l., 1985) are 
also underlined.
The numbers superscripted above the designated g lycopro te ins are the codes 
for the references (c ited  below) fro m  which the sequence data were taken:
^ McGeoch et a l. (1985) 
2 Watson et a l. (1982)
^ Watson (1983)
^ F rink  e t a l. (1983)
^ Swain et a l. (1985)
^ Bzik et a l. (1984a)
^ P e lle t e t a l. (1985)
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not ye t established, to  the  fun c tio n  o f the g lycopro te ins . An exam ple o f 
tw o  3' c o -te rm in a l m RNAs whose gene products are fu n c tio n a lly  re la ted  
are the 5.0kb (kilobase) and 1.2kb m R N A loca ted  between 0.56 and Q.60mu 
on the HSV-1 genome (M cLauchlan and C lem ents, 1982, 1983) (see Section 
1.7.1). These tw o m RNAs encode the  (143) and V^\/^38
polypeptides w hich associate to  fo rm  the  ribonuc leo tide  reductase com plex 
(Frame e t a l. , 1985).
1.20 Processing o f the  H S V -q lyco p ro te in s
Evidence is accum ula ting  th a t HSV-gly copro te ins are processed in a
s im ila r manner to th a t described in Section B. That is, N -linked  
oligosaccharides are added "en b loc" fro m  do licho l pyrophosphate to  the 
nascent po lypep tide  chain being synthesised on membrane bound ribosomes 
in the rough ER. Both processing o f the N -linked  and add ition  o f O -linked 
oligosaccharides take  place in the ER and the G o lg i com plex before the 
g lycopro te ins reach th e ir  destina tion  in the in fe c te d  c e ll membrane.
1.20.1 C leavage o f signal sequences
D N A  sequence data o f the genes encoding the HSV g lycopro te ins, 
described in  Section 1.18, id e n tif ie d  fea tu res  ch a ra c te ris tic  o f in teg ra l 
membrane p ro te ins , such as signal sequences, w hich are norm a lly  cleaved
from  the p ro te in  during m a tu ra tion  (see Section 1.10.1) and anchor
sequences (see Section 1.10.2). Am ino acid sequence data o f the am ino-
term inus o f gD-1 and gD-2 (Eisenberg e t a l. , 1984) ind ica te  th a t the f ir s t  
tw e n ty -f iv e  am ino acids (which encompass the p u ta tive  signal sequence) 
pred icted fro m  the DNA sequence o f these genes, have been cleaved o ff  
during processing. I t  has not ye t been established w hether s im ila r
cleavages occur during processing o f the o ther HSV g lycopro te ins.
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1.20.2 A dd itio n  o f N -Iinked  oligosaccharides
Evidence th a t the HSV g lycopro te ins conta in  N -linked 
o ligosaccharides is sum m arised in Table 5. Synthesis o f both the precursor 
and the m ature  fo rm s o f gB-1, gC-1, gD -1, gE-1 and gG-2 is inh ib ited  
when in fe c te d  ce lls  are grown in the  presence o f tun icam yc in  (P izer e t a l., 
1980; Bond e t a l., 1982; N o rrild  and Pederson, 1982; Kousoulas e t a l., 
1983; Balachandran and H u tt-F le tc h e r, 1985; Hope and Marsden, 1983; 
th is  thesis), suggesting th a t N -linked  oligosaccharides are added "en b loc" 
fro m  do licho l pyrophosphate to  asparagine. F u rthe rm ore , pgB-1, pgC-1, 
pgD-1, pgE-1 and pgG-2, but no t the m ature  fo rm s o f these species w ith  
the exception  o f gB-1, are sensitive to  endo-H (an enzyme which cleaves 
high mannose, but not com plex type  oligosaccharides).
Com pton and C ourtney (1984a) presented evidence com patib le  w ith  
the model in which N -linked  oligosaccharides are added onto the nascent 
polypeptide  being synthesised on the rough ER which buds fro m  the nuclear 
membrane. These authors fra c tio n a te d  H S V -l- in fe c te d  ce lls  and showed 
th a t the high mannose o ligosaccharide-con ta in ing  precursors are m ain ly 
associated w ith  the nuclear fra c tio n , w h ile  the cy top lasm ic fra c tio n  
conta ined m ain ly m ature  g lycopro te ins which were endo-H insensitive . This 
re su lt suggests th a t the HSV g lycopro te ins acquire  th e ir N -linked  
oligosaccharides a t a s ite  a t or near the nuclear membrane.
1.20.3 Processing o f the N -linked  oligosaccharides
Evidence w hich suggests th a t the  N -linked  o ligosaccharides a ttached 
to  HSV g lycopro te ins are processed in a s im ila r manner to  th a t described 
in Section 1.11.2, comes fro m  studies using drugs which b lock processing or 
ce ll lines which are d e fic ie n t in g lycosyltransferases. Table 6 is a
summary o f the resu lts  fro m  several investiga to rs  who have examined 
processing o f the HSV g lycopro te ins. I t  was observed by using e ith e r ce lls
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T A B L E  6
Method by which 
g lycop ro te in  
synthesis is blocked
G L Y C O P R O T E IN S
B^ Qabcd |-^abc g-a Cd
C ells in fec te d  in the 
presence o f monensin
pgB-1 pgC-1 pgD-1 pgE-1 pgG-2
(IlO K )
In fe c tio n  o f r ic in -  
res is tan t ce lls
pgB-1® pgC-1® pgD-1® ND ND
R eferences
a
b
c
d
e
ND
Johnson and Spear (1982)
Johnson and Spear (1983)
Wenske et a l. (1982)
Balachandran and H u tt-F le tc h e r (1985) 
C am pade lli-F ium e et a l. (1982)
Not Done
TA B LE  6
Stage at which the processing o f the HSV glycoprote ins is blocked when
(i) BHK ce lls are in fec ted  w ith  HSV-1 or HSV-2 in the presence of 
monensin, or ( ii)  a r ic in -re s is ta n t ce ll line (d e fic ien t in N -a c e ty l-  
glucosamine transfe rase  I) is in fec ted  w ith  HSV-1.
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infected w ith  HSV-1 in the  presence o f monensin (Johnson and Spear, 1982, 
1983; Wenske e t a i. , 1982; Balachandran and H u tt-F le tc h e r, 1985) an
ionophore w hich b locks tra n s p o rt o f g lycopro te ins  to  the c e ll su rface  
membrane (see Section 1.12), or an H S V -l- in fe c te d  r ic in -re s is ta n t c e ll line  
which is d e fic ie n t in  N -ace ty lg lucosam ine  (g lcN A c) transfe rase  I
(C am pade lli-F ium e e t a l. , 1982) (an enzym e which is essentia l fo r  the 
conversion o f high mannose to  com p lex  type o ligosaccharides, see Section 
1.11.2) th a t the endo-H sens itive  p recursor species o f the g lycopro te ins  
accum ulate, w ith  a co n co m ita n t decrease in amounts o f the  m ature  
g lycoprote ins.
M ore re ce n tly , processing has been investiga ted  in g rea te r d e ta il. 
Serafin i-Cessi e t a l. (1984b) showed th a t  o ligosaccharides cleaved by endo- 
H from  pgC-1 conta ined high mannose oligosaccharides w ith  the 
carbohydrate com position  o f the o ligosaccharides vary ing  fro m  mann(9) 
g lcNAc (nine mannose and one N -ace ty lg lucosam ine  residues) to  mann(5) 
g lcNAc. S era fin i-C ess i e t a l. (1983a) used an H S V -l- in fe c te d  r ic in - re s is ta n t 
ce ll line d e fic ie n t in  g lyco sy ltra n s f erases o f the G o lg i com plex w hich add 
te rm ina l sugars to  com plex o ligosaccharides, to  show a reduc tion  in b i-
antennary (tw o  branched) and tr i-a n te n n a ry  o ligosaccharides o f HSV 
g lycoproteins.
1*20.4 O -linked  o ligosaccharides
Evidence showing th a t the  HSV g lycopro te ins also con ta in  O -linked  
oligosaccharides has been obta ined  by a number o f in ves tiga to rs . Studies 
using he lix  pom atia  and soybean le c tin s  which bind ga lN Ac (G oldste in  and 
Hayes, 1978; H am m erstrom  e t a l. , 1977), a sugar not ye t found in  N -
linked o ligosaccharides (K o rn fe ld  and K o rn fe ld , 1976) have been used to 
suggest the  presence o f O -lin ked  o ligosaccharides on HSV g lycopro te ins . 
Olofsson e t a l. (1981a) showed th a t these le c tin s  bind a g lyco p ro te in  fro m
62
H S V -l-in fe c ted  ce lls , bu t not fro m  un in fec ted  ce lls , suggesting th a t a t 
least one o f the  HSV-1 g lycopro te ins  conta ined O -linked  o ligosaccharides. 
This suggestion was supported by the observa tion  (O lofsson e t a l. , 1981b) 
that the bound g lyco p ro te in  was sensitive  to  m ild  a lka line  hydro lys is , a 
trea tm en t known to  rem ove O -linked o ligosaccharides, but not N -lin ked  
oligosaccharides fro m  the po lypeptide  chain. O lofsson e t a l. (1981b) used a 
monospecific an tise rum  to  show th a t the le c t in  b inding HSV-1 g lycopro te in  
was gC-1.
More re c e n tly , O lofsson e t al. (1986) have shown th a t he lix  pom atia  
and soybean le c tin s  bind a g lycop ro te in  fro m  H S V -2 -in fec ted  ce lls  w hich is 
im m unoprec ip itab le  by the m onoclonal antibody A P I, has an apparent MW 
of 130000 and maps between co-o rd ina tes 0 .892-0 .924mu on the HSV-2 
genome. The c h a ra c te r is tic s  o f th is  le c t in  b inding p ro te in  is com patib le  
w ith i t  being the  g92K g lycop ro te in  (see Sections 3.10 and 3.13 described 
in this thesis).
Johnson and Spear (1983) presented d ire c t evidence th a t gB-1, gC-1 
and gD-1 conta ined  O -linked  o ligosaccharides. These authors showed th a t 
those g lycop ro te ins  when tre a te d  w ith  N -a ce ty lga lac tosam iny l 
oligosaccharidase (NAG G ) w hich cleaves O -linked  oligosaccharides (see 
Section 1.13), y ie ld  po lypeptides which co -m ig ra te  w ith  pgB-1, pgC-1 and 
pgD-1 re sp ec tive ly . These precursors were not sensitive  to  th is  enzyme 
(Table 5) suggesting th a t the increase in MW fro m  the precursor fo rm  to  
the m ature fo rm  o f the  g lycop ro te in  is due e n tire ly  to  the add ition  o f O- 
linked o ligosaccharides. Fu rthe rm ore , these authors showed th a t the 
addition o f O -linked  o ligosaccharides to  HSV g lycopro te ins is a post- 
translational even t, by in fe c tin g  ce lls in the presence o f monensin (see 
Section 1.12). The precursors, pgC-1 and pgD -1, w hich accum ulated under 
these cond itions are not sensitive  to  NAGO suggesting th a t the O -linked 
oligosaccharides are added to  HSV g lycopro te ins  in the  G olg i com plex and
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a fte r the add ition  o f N -lin ked  o ligosaccharides,
1.20.5 Evidence fo r  p ro te o ly tic  cleavage
There is evidence th a t a t least tw o  HSV g lycopro te ins undergo 
major p ro te o ly tic  cleavage, gE-1 (th is  thesis, see Section 3.8.7) and g92K 
(Balachandran and H u tt-F le tc h e r, 1985).
Pulse-chase experim ents by Balachandran and H u tt-F le tc h e r (1985) 
showed th a t a po lypeptide  o f apparent MW o f 110000 ( I lO K ) (determ ined 
on gels cross-linked w ith  D A TD ) is processed to  an endo-H sensitive 120K 
precursor then m atures in to  a g lycop ro te in  o f apparent MW 108K which the 
authors designated gG-2. H ow ever, since the experim ents were perfo rm ed 
w ith the m onoclonal antibody A P I which is d irec ted  against g92K (Marsden 
et a l., 1984; th is  thesis. Section 3.10) and not the m onoclonal antibody 
H966 w ith  which Roizm an e t a l. (1984) defined gG-2, the designation of 
the ir g lycopro te in  as gG and not g92K, a lthough probably c o rre c t, must be 
regarded as te n ta tiv e .
Balachandran and H u tt-F le tc h e r (1985) also presented evidence 
suggesting th a t the 108K g lycop ro te in  undergoes p ro te o ly tic  cleavage during 
its m a tura tion . Polypeptides o f apparent MW 74K (sm alle r than the I lO K  
primary trans la ted  product) and 120K, which are both endo-H sensitive, 
were im m unoprec ip ita ted  fro m  ce lls  in fec ted  w ith  HSV-2 in the presence o f 
monensin using a m onoclonal antibody w ith  the same s p e c ific ity  as A P I, 
suggesting th a t the 74K is the  re su lt o f p ro te o ly tic  cleavage o f the 120K 
precursor and is the  precursor to  the 108K g lycopro te in .
The b io log ica l consequences o f p ro te o ly tic  cleavage o f gG-2 and 
gE-1 are not ye t known, but are discussed in Section 4.7.
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1,21 Analysis by 2 -D  P A G E
G lycosy la tion  o f the HSV g lycopro te ins involves a t least the 
addition o f fucose, s ia lic  acid (Honess and Roizman, 1975) and mannose 
(Eisenberg et a l., 1979). Using the technique o f 2-D  PAGE, described by 
O 'Farre ll e t a l. (1977), i t  was o rig in a lly  observed th a t gB-1 (H aarr and 
Marsden, 1981), gC-1 (Cohen e t a l. , 1980) and gD-1 (Cohen e t a l. , 1980; 
Haarr and Marsden, 1981) were generated by a t least 16, 15 and 12 
discrete steps re sp ec tive ly  and th a t these steps were due, in p a rt, to  the 
addition o f s ia lic  acid . These steps also invo lve MW and charge 
d iffe rences. Evidence presented in Section 1.20 suggests th a t d iffe rences  
in MW fro m  the precursor fo rm  to  the m ature g lycopro te in  are due to  
both the add ition  o f O -linked  o ligosaccharides and processing o f N -linked  
oligosaccharides. P a lfreym an e t a l. (1983) have shown th a t gB-1, gC-1 and 
gD-1 also undergo processing invo lv ing  MW increases w ith o u t any pos itive  
charge increase w hich probably are due to the tra ns fe r o f the high 
mannose oligosaccharides fro m  do licho l pyrophosphate to  asparagine on the 
polypeptide chain. F u rthe rm ore , each o f the polypeptide species undergoing 
MW increases only ( fo r gB-1 and gD-1 a t least) can also undergo increases 
of positive  charge w ith o u t any increase in MW and th is  probably is due to  
the processing o f the N -linked  oligosaccharides from  high mannose to  
complex type as described in Section 1.11.2. In add ition , Palfreym an e t a l.
(1983) showed th a t during synthesis o f gB-1, tw o m ature species, gB118 and 
gB122, are generated. gB118 and gB122 respective ly  are lik e ly  to  be the 
antigenica lly  re la ted  species gA and gB (Eberle and C ourtney, 1980b) 
iden tified  by one-dim ensional PAGE and o rig in a lly  thought to  be d is tin c t 
g lycoproteins (Spear, 1976). The large number o f steps observed on 2-D 
gels in the processing o f gB-1 is perhaps a consequence o f each o f the 
oligosaccharides on the nine p o te n tia l N -g lycosid ic  sites on gB-1 (Bzik 
Gt a l., 1984a) undergoing m u ltip le  processing steps.
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1,22 Functions o f HSV g lycopro te ins
Table 7 lis ts  func tions  or a c tiv it ie s  w ith  which the HSV 
glycoproteins have been associated.
1.22.1 N eu tra lisa tion
Early studies established th a t a t least some o f the HSV 
glycoproteins are expressed on the surfaces o f the membranes o f both 
virions and in fe c te d  ce lls  (O lshevsky and Becker, 1972; Heine e t a l. , 1972; 
Spear, 1976; Baucke and Spear, 1979) and would the re fo re  be expected to  
be targets fo r the host im m une response.
P reparations o f in d iv id ua l v ira l g lycopro te ins iso la ted by excising 
the re levant polypeptides fro m  SDS-polyacrylam ide gels have been used to  
induce the p roduction  o f neu tra lis ing  antibodies by in je c tio n  in to  rabb its  
(Table 8). F u rthe rm ore , i t  has been shown th a t m ice im m unized w ith  gC-1 
purified by h yd ro xy la p a tite  chrom atography (Schrie r e t a l., 1983) or 
im m unoaffin ity  p u r if ie d  gB-1 or gC-1 (Roberts e t a l., 1985) or gD-1 (Chan, 
1983; Lasky e t a l. , 1984; Long e t a l., 1984; P a o le tti e t a l. , 1984; Weis 
et a l., 1983; Eisenberg e t a l. , 1982b) are p ro tec ted  fro m  a le th a l HSV 
in fection.
Monoclonal antibodies d irec ted  against the HSV g lycopro te ins have 
been reported to  have neu tra lis ing  a c t iv ity  (Table 8). A lso, i t  has been 
shown tha t m ice im m unized w ith  m onoclonal antibodies d irec ted  against 
gD-1 or gD-2 (Balachandran e t a l., 1982a; D ix e t a l., 1981; Kapoor 
et a l., 1982; Sethi, 1983), gC-1 (Sethi, 1983), gB-2 (Balachandran et a l., 
1982a), and gE-2 (Balachandran e t a l. , 1982a) are p ro tec ted  fro m  a le tha l 
HSV in fec tion .
R ector e t a l. (1984) have shown th a t ce rta in  m onoclonal antibodies 
against gB-1 or gD-1 do not neu tra lise , but can p ro te c t against ocular 
HSV-1 in fec tions.
T A B L E  7
Function
HSV GLYCOPROTEINS
gB gC gD gE gG gH
N e u tra lisa tio n J J J 7 7 7
Adsorp tion J J 7
Pene tra tion J 7
C e ll fusion (syn) J 7
F c-rece p to r - - - 7 -
C3b recep to r - g C - l - - - -
TA B L E  7
Functions o f the HSV g lycopro te ins . Symbols used:
V ind icates th a t evidence has been presented (see te x t fo r
re ferences) th a t the g lycopro te in  may be invo lved in a 
p a r tic u la r fu n c tio n ; 
tested and found not to be invo lved ;
gC-1 ind icates th a t the C3b recep to r is spec ific  fo r  gC o f HSV-1
(and not HSV-2);
no symbol ind ica tes th a t the g lycopro te in  has not been im p lica ted  in the 
fu n c tio n  but could possibly be.
TA B L E  8
N eu tra lis ing  antibodies 
produced a fte r im m unizing  
w ith  p u rified  HSV-
N eu tra lis ing  
m onoclonal antibodies
g lycoprote ins Type-spec ific Type-com m on
gB-1
gB-2
yde
NT
y g k t
gC-1
gC-2
yem y fg l t
yks
yp
gD-1
gD-2
yabcdi
yh
jfg h k n r
gE-1 y j
gE-2 NT yk
gG-2 NT yks
gH-1 NT yq yp
TA B LE  8
Neutralising antibodies iso la ted  so fa r . Symbols:
NT ind icates not tested ;
blank space ind icates th a t no monoclonal antibodies have been iso la ted
fo r th is  p a rtic u la r class;
y ind icates th a t antibodies have been produced;
The post-scrip ts above each t ic k U ) designate the re ference  fro m  which
the data was obtained - see below:
a Watson and W ildy (1969) k Balachandran et a l. (1982b)
b Cohen et a l. (1972,1978) 1 Holland et a l. (1982a)
c Honess and Watson (1974) m Schrier e t a l. (1983)
d Powell et al. (1974) n Weis et al. (1983)
e Eberle and C ourtney (1980a) 0 Zezulak and Spear (1983)
f Pereira et al. (1980) P Zweig e t a l. (1983)
g Showalter et a l. (1981) q Buckm aster e t a l. (1984)
h Eisenberg et al. (1982a) r Long et al. (1984)
i Eisenberg et al. (1982b) s Balachandran and H u tt-F le tc h e r (1985)
j Para et al. (1982a) t Roberts et al. (1985).
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Thus, a ll the known HSV g lycopro te ins can induce the production of 
antibodies th a t e ithe r neutra lise v irions and/or can aid in the p ro tec tion  of 
the re c ip ie n t against an HSV in fe c tio n .
1.22.2 Adsorption
The adsorption of HSV onto ce lls has been studied by Johnson 
e t a l. (1984) using virosomes. Virosomes are composed o f a lip id  b ilaye r in 
which are inserted v ira l g lycopro te ins e x trac te d  fro m  v irion  envelopes. 
The authors presented evidence showing th a t m onoclonal antibodies d irected  
against gB-1, gC-1 and gD-1 inh ib ited  the adsorption o f virosomes onto 
HEp-2 ce lls. gB-1 antibodies were more e ffe c tiv e  than gC-1 or gD-1 
antibodies a t inh ib iting  adsorption. Fu rthe rm ore , virosomes depleted of 
gB-1 or gC-1 did not adsorb onto ce lls  as e ff ic ie n t ly  as did virosomes 
conta in ing these g lycoprote ins.
The evidence of Johnson e t al. (1984) suggests th a t a t least one of 
the HSV g lycopro te ins, gB-1, gC-1 or gD-1, or perhaps a com bination of 
these g lycopro te ins may play a ro le  in adsorption o f HSV onto ce lls . This 
work does not ru le  out the poss ib ility  th a t, as ye t, unrecognised 
g lycoprote ins may also play a ro le in th is  fun c tio n .
1.22.3 Penetra tion
E lectron  microscope studies (Morgan e t a l., 1968) suggest tha t 
penetra tion  o f HSV occurs by fusion o f the v ir io n  envelope w ith  the ce ll 
surface membrane. Evidence supporting th is  hypothesis comes from  
experim ents w ith  the HSV-1 m utants, tsB5 (Sarm iento e t a l., 1979) and 
tsJ12 (L it t le  et a l., 1981). N e ither o f these m utants synthesise m ature 
gB-1 at the NPT. V irions produced at the NPT in m u tan t-in fec te d  cells 
can adsorb onto cells, but have low in fe c t iv ity .  Their low  in fe c t iv ity  could 
be s ig n ifica n tly  enhanced by tre a tin g  the " in fe c te d " cells w ith  polyethylene
67
glyco l, an agent known to  prom ote membrane fusion (Pontecorvo, 1975). 
These authors concluded th a t gB plays a ro le  in pene tra tion  and the re fo re  
is essential fo r  in fe c t iv i ty .
DeLuca e t a l. (1982) constructed HSV-1 x HSV-1 in tra ty p ic  
recombinants by m arker rescue and m arker tra n s fe r co transfec tion  
procedures using in ta c t DNA fro m  one HSV-1 s tra in  and recom binant 
plasmids conta in ing  portions o f the EcoRI re s tr ic t io n  fragm en t F from  
another HSV-1 s tra in . The EcoRI fragm en t F (map co-ord inates 0.315- 
0.412mu) contains the gB-1 gene. The authors used these recom binants to 
map a locus on the HSV-1 genome th a t a ffe c ts  the ra te  o f pene tra tion  o f 
HSV-1 in to  ce lls . This locus lies between the 2 lo c i o f tsB5 which 
determ ine the syn phenotype and the ^  phenotype. The mapping data o f
DeLuca e t a l. (1982) and the nucleo tide  sequence data by Bzik e t al.
mut at ions
(1984a) has located the ^  de te rm in ing  the syn and ^  phenotypes in the 
s truc tu ra l gene fo r  gB-1. Therefore the locus de te rm in ing  the ra te  o f 
entry also lies in gB-1.
Several investiga to rs  have used a Rous Sarcoma Virus transform ed 
ce ll line (XC cells) to  study the re p lica tio n  o f HSV. D ocherty e t al. 
(1973) and Cam pbell e t a l. (1974) presented evidence th a t penetra tion  o f 
HSV-1 did not occur in  th is  ce ll line , whereas G arfink le  and McAuslan 
(1973) and Padgett e t a l. (1978) found th a t i t  d id. A possible explanation 
fo r th is  apparent co n tra d ic tio n  o f resu lts  was suggested by Epstein and 
Jaquemont (1983) who showed th a t the stage a t which re p lica tion  is 
blocked in XC  ce lls , depends on the s tra in  o f v irus used. Epstein e t a l.
(1984) used HSV-1 x HSV-1 in tra ty p ic  recom binants iso la ted by Ruyechan 
et al. (1979) to  map a locus on the HSV-1 genome a ffe c tin g  the 
penetration o f v irions in to  XC ce lls  to  between 0.70 and 0.83mu. The fa c t 
tha t these co-ord inates overlap a region on the HSV-1 genome conta in ing  a 
locus, id e n tifie d  and designated Cr by Ruyechan e t a l. (1979) who
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suggested tha t Cr con tro ls  the synthesis or accum ulation o f gC-1, led 
Epstein e t al. (1984) to  propose th a t gC-1 may con tro l pene tra tion  o f HSV- 
1 in to  XC cells by nega tive ly  m odula ting the gB-1 prom oted fusion 
between host ce ll and v ir io n  membranes. However, i t  should be noted th a t 
data from  m arker tra n s fe r and m arke r rescue experim ents using cloned 
DNA fragm ents (Pogue-Geile e t a l., 1984) show th a t the m uta tion  
responsible fo r the gC- phenotype o f MP, one of the HSV-1 stra ins fro m  
which the in tra ty p ic  recom binants o f Ruyechan et a l. (1979) was derived, is 
located between co-ord ina tes 0.621 and 0.645mu which contains the 
s truc tu ra l gene fo r gC-1 and the re fo re  places the existence o f the Cr 
locus in doubt.
1.22.4 C ell fusion (syn phenotype)
Although c lin ic a l iso la tes o f HSV usually do not exh ib it the 
capacity to  fuse in fec ted  ce lls , iso la tion  o f fusion-inducing stra ins fro m  
patients has occasionally been reported  (Terni and Roizman, 1970). 
However, fusion-inducing s tra ins o f HSV can be isolated a fte r  passage o f 
the virus in tissue cu ltu re  (Hoggan and Roizman, 1959; N ii and Kam ahara, 
1961; Roizman, 1962; E je rc ito  e t a l., 1968; Brown e t a l., 1973; 
T im bury et a l., 1974; Cassai e t a l., 1975, 1976; Zezulak and Spear, 
1983). The fusion-inducing stra ins are brought about by spontaneous non- 
le tha l m utations in the HSV genome. The phenotype o f such m utations is 
designated syn (Enders and Peebles, 1954), the w ild -type  is denoted syn+.
A t least fou r lo c i which con fe r the syn phenotype to  HSV-1 
in fected cells have been mapped ( f ig . 22) (Ruyechan e t a l., 1979; L it t le  
and Schaffer, 1981; DeLuca e t a l., 1982; Bond and Person, 1984; 
Kousoulas e t a l., 1984; Pogue-Geile e t a l., 1984). Three o f the syn loc i 
were mapped by Ruyechan e t a l. (1979) using HSV-1 x HSV-1 in tra ty p ic  
recombinants. These lo c i were designated syn l, syn2 and syn3.
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Location o f the m utations confe rring  the syn phenotype to  H S V -l- in fe c te d  
cells. (a) is the fra c tio n a l length (mu) o f the HSV-1 genome in the 
p ro to type o rie n ta tio n  (b). The open boxes represent the regions o f the 
HSV-1 genome which contains the syn m utations. Ruyechan et al. (1979) 
o rig ina lly  mapped and designated the syn 1, 2 and 3 loc i. DNA sequencing 
has recen tly  located the syn 1 and 2 m utations (Debroy et a l., 1985). The 
syn locus ly ing  between co-ord inates 0.040 and 0.064mu was mapped by 
L it t le  and Schaffer (1981) has been term ed syn 4 only fo r the purpose of 
id e n tif ic a tio n  on th is  figu re .
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Ruyechan e t a l. (1979) presented evidence th a t the syn phenotype 
of HSV-1 (MP) resu lts  from  expression o f tw o  separable m utations which 
lie  between co-ord ina tes 0.68 and 0.82mu. The authors generated 
recom binants by tra n s fe r o f D NA fragm ents fro m  the syn phenotype stra ins
HSV-1 (MP) or HSV-1 (03) to  a syn+ s tra in  (F). Two classes o f
recom binant v irus were obtained. Members o f one class produced syn
plaques on Vero ce lls , but syn+ plaques on HEp-2 ce lls. The locus 
responsible fo r the phenotype was designated s y n l. Members o f the other 
class produced syn plaques on both Vero ce lls  and HEp-2 ce lls. The locus 
which, when present alone or in com bination  w ith  s yn l is reponsible fo r
the second phenotype, was designated syn2.
R ecently , the m uta tion  defin ing  the s y n l locus (MP) and another 
m utant, syn20, g iv ing  the same phenotype was more precisely mapped to  
lie  between co-ord ina tes 0.735 and 0.740mu (Pogue-Geile e t a l., 1984; 
Bond and Person, 1984). This region has now been com plete ly  sequenced 
and conta ins an open reading fram e which p o te n tia lly  can encode a p ro te in  
o f 338 amino acids and has the ch a rac te ris tics  o f a transmembrane p ro te in  
(Debroy e t a l., 1985). The nucleotide sequence o f th is  same region o f the 
syn-inducing m utants MP and syn20 was also determ ined. Both were shown 
to have amino acid substitu tions a t position  40 o f the pu ta tive  fusion 
p ro te in . For m utan t MP, the change was fro m  alanine to  valine w hile  fo r 
syn20, i t  was alanine to threonine. A second a lte ra tio n  found only in  MP 
(threonine to  m ethion ine at position 101) was thought not to  a ffe c t fusion 
since i t  d id not occur in syn20 and m ethion ine was found at th is  residue in 
a syn+ s tra in  o f HG52.
A tra n s c r ip t from  the p u ta tive  fusion gene was detected and shown 
to be a la te  RN A in th a t i t  was not detected in the absence o f DN A 
synthesis (Debroy e t a l., 1985).
Pogue-Geile e t al. (1984) presented evidence to  suggest th a t the
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second syn locus o f HSV-1 (MP), syn2, is probably not by its e lf  a syn 
locus. They reasoned as fo llow s; F irs t, the syn2 locus cannot lie  between 
0.702 and 0.752mu since a fragm en t o f MP DNA spanning these co­
ordinates and conta in ing  the syn l locus (0.735-0.740mu) produces large syn 
plaques on Vero ce lls  but only sm all syn plaques on HEp-2 ce lls, the syn-1 
phenotype in th e ir  hands. (The authors s ta te  th a t the reason fo r  th e ir  
d iffe rence  in plaque morphology is not known). Second, m arker rescue of 
MP w ith  a fragm en t o f MP DNA spanning co-ord inates 0.728-0.744mu, 
which from  the  f ir s t  po in t above cannot conta in  the syn2 locus, p e rm itte d  
iso la tion  o f recom binants th a t displayed the syn+ phenotype on both Vero 
cells and HEp-2 ce lls . The syn2 locus remains the re fo re  to  be precisely 
mapped.
Syn3 was shown by Ruyechan e t a l. (1979) to  map in the region o f 
the gB-1 gene o f the HSV-1 m utant tsB5. The syn m utation  and the ^  
m uta tion  o f tsB3 are separable by recom bination  (Honess e t a l., 1980). 
More re ce n tly , the syn3 m uta tion  has been shown by m arker rescue 
experim ents (DeLuca et a l., 1982) and by DNA sequencing (Bzik e t a l., 
1984b) to  lie  w ith in  the gB-1 s tru c tu ra l gene. I t  the re fo re  seems ce rta in  
tha t gB-1 plays a ro le  in ce ll fusion. The m u ta tion  a t the syn3 locus was 
expressed in some ce ll types, but not in others (ce ll-type  dependent) 
(Ruyechan e t a l., 1979; DeLuca e t a l., 1982).
The fo u rth  syn locus was id e n tifie d  by L it t le  and Schaffer (1981). 
Marker tra n s fe r o f DNA fragm ents from  the syn m utant to  the syn+ 
parental HSV-1 s tra in  KGS showed th a t th is  locus mapped between co­
ordinates 0.040 and 0.064mu on the HSV-1 genome. Furtherm ore, the 
authors showed th a t expression o f the m uta tion  resulted in syn plaques on 
Vero, human embryo lung (HEL) and ra b b it kidney (RK) cells, but syn+ 
plaques on HEp-2 ce lls, i.e . a phenotype like  th a t o f s yn l. The m utan t 
HSV-1 (KGS) 804 ca rry ing  th is  locus, fa ile d  to  com plem ent HSV-1 (MP) to
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produce syn+ plaques (L it t le  and Schaffer, 1981). Fa ilu re  o f 
com plem enta tion  may be due to  e ithe r, (i) both m utants being de fec tive  in 
an, as ye t, un ide n tified  locus a ffe c tin g  syn phenotypic expression, or
( ii)  HSV-1 (KOS) 804 ca rries , in addition to  the syn4 m u ta tion , the syn l 
m utation  which resu lts  in ce ll-typ e  syn phenotypic expression, or ( ii i)  HSV-1 
(MP) ca rries, in add ition  to  the s yn l and 2 m utations the syn4 m uta tion . 
However, exam ination  o f f ig . 3 from  L it t le  and Schaffer (1981) shows th a t 
some tra n s fe r o f syn phenotype was achieved w ith  DNA fragm ents from  
HSV-1 (KOS) 804 which spans the syn l locus. F u rthe rm ore, a ll m arker 
rescue experim ents were perform ed w ith  DNA fragm ents excised from  gels 
and the poss ib ility  o f contam ina ting  DNA fragm ents cannot be excluded. 
What is needed to  c la r ify  the s itua tion  is fo r  the experim ents to  be 
repeated w ith  the p u ta tive  syn4 m uta tion  cloned in to  a w ild -typ e  genome.
A syn m utan t, HSV-1 (KGS) 78R, was iso lated and characterised by 
L it t le  and Schaffer (1981). I t  was shown to  be tem pera ture  sensitive fo r 
the syn phenotype. The locus was mapped by m arker rescue to  be 
between co-ord ina tes 0.724 and 0.747mu and the m utan t expressed the syn 
phenotype in Vero and HEL ce lls , but not in RK ce lls a t the NPT. This is 
comparable w ith  the s yn l locus o f HSV-1 (MP). However, HSV-1 (MP) and 
HSV-1 (KGS) 78R com plem ented to  y ie ld  syn+ plaques. This suggests th a t 
the locus responsible fo r  the syn phenotype o f HSV-1 (KGS) 78R lies in a 
d iffe re n t com plem enta tion  group from  th a t o f s yn l o f HSV-1 (MP) and 
there fo re  may be a f i f t h  syn locus.
D eletions in the TK gene resulted in syn phenotype expression. 
However, i t  is not known whether one o f these deletions or another, as 
ye t, undetected m u ta tion , resu lted  in the syn phenotype (Sanders e t a l., 
1982).
I t  has been established th a t the syn m utant HSV-1 (MP) (Hoggan 
and Roizman, 1959) is also gC negative (gC") (Heine e t a l., 1974;
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Manservigi e t a l. , 1977). Analysis o f recom binants between HSV-1 (MP) 
and HSV-1 (^ B 5 )  led M anservigi e t a l. (1977) to  propose th a t gB-1 is 
involved in c e ll fusion and th a t expression o f gC-1 can suppress th is  
a c tiv ity . O the r syn m utants are also gC - (Cassai e t a l., 1975, 1976; 
Zezulak and Spear, 1984b) suggesting a re la tionsh ip  between absence o f 
expression o f gC and ce ll fusion. W hile some as ye t undefined re la tionsh ip  
between the tw o  phenotypes appears to  hold, i t  is not a sim ple one. 
Examples e x is t o f v irus which fa i l  to  express gC and have syn+ morphology 
(Honess and W atson, 1977; Honess e t a l. , 1980) as do examples o f virus 
which express gC and fo rm  syn c itia  in Vero ce lls (Pogue-Geile e t a l. , 
1984). M oreover, inse rtion  o f a fun c tio n a l gC-1 gene in to  the TK gene of 
HSV-1 (MP) resu lted  in expression o f gC-1 w ith o u t changing the syn 
phenotype (Lee e t a l., 1982b). F u rthe r w ork is needed to  understand what 
ro le, i f  any, gC plays in expression o f the syn phenotype.
Evidence presented by Noble e t a l. (1983) ind icates th a t gD-1 plays 
a ro le in H S V -l-induced  ce ll fusion. The authors showed th a t fusion o f 
Vero ce lls  in fe c te d  w ith  the syn s tra in  HSV-1 (HFEM) syn was inh ib ited  by 
addition o f m onoclonal antibodies d irec ted  against gD. Surprisingly no such 
inh ib ition  was observed when an ti-gB  m onoclonal antibodies were added to  
the in fec te d  ce lls . The authors showed by g luteraldehyde fix a tio n  th a t the 
anti-gB m onoclonal antibodies did bind to  the in fec ted  ce lls , suggesting 
tha t e ith e r the  antibodies tested do not bind to  the appropria te  
determ inant c r i t ic a l fo r  ce ll fusion or th a t the ro le  o f gB-1 is in d ire c t.
The mechanism o f c e ll fusion is unknown, but presumably pro te ins 
in tegra ted in  the  membrane o f adjacent in fec ted  ce lls reac t and thus 
promote fus ion . Examples o f v ira l-coded  g lycoprote ins which are known to  
form  o ligom ers are gB-1 (Sarm iento and Spear, 1979; H aarr and Marsden, 
1981; P a lfreym an  e t a l., 1983) and gD-1 (Eisenberg e t a l. , 1982b; 
Palfreym an e t a l., 1983; th is  thesis) and are the re fo re  candidates fo r
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being invo lved in th is  pu ta tive  ce ll fusion mechanism.
1.22.5 Expression o f receptors on the ce ll surface membrane
(a) Fc receptors
W atkins (1964) reported tha t antibody-sensitised e ry th rocy tes , but 
not un trea ted  e ry th rocy tes , would bind to H S V -l- in fe c te d  HeLa ce lls . I t  
was la te r shown th a t o ther ce ll lines in fec ted  w ith  HSV-1 or HSV-2 could 
bind to  antibody, sp e c ifica lly  im m unoglobulin G (IgG), and th a t binding was 
to  the Fc region of IgG (fig . 23) (Yasuda and M ilg rom , 1968;
W estmoreland and W atkins, 1974; Feorino et a l., 1977; Costa e t a l., 
1978; M cTaggart et a l., 1978; Nakamura et a l., 1978; Bourkes and
Menezes, 1979; Cines e t a l., 1982). S im ilar Fc-recep to rs  are induced by 
other herpesviruses, these are human cytom egalovirus (HCMV) (K e lle r 
e t a l., 1976; Rahman et a l., 1976; W estmoreland, 1976) and va rice lla
zoster v irus (VZV) (Ogata and Shigeta, 1979). Johansson et al. (1984) have 
examined the s p e c ific ity  o f the H SV-l-induced F c-recep to r. IgG4 binds 
more s trong ly than Ig G l or IgG2. IgG3 does not bind to  the F c-recep to r, 
nor do the o ther im m unoglobulins. Para et al. (1980) showed th a t the
H SV-l-induced Fc-recep to rs  are on the surfaces o f v irions as w e ll as 
in fec ted  ce lls . Using the technique o f 125i surface labelling  and e lectron 
m icroscopy, they showed tha t expression of Fc-b inding receptors on the 
surface o f in fec ted  ce lls occurs im m ed ia te ly  a fte r exposure o f ce lls to
pu rified  v irions and in the absence of v ira l gene expression. Thus, the Fc-
receptors are probably a v irion  component acquired by the ce ll upon fusion
of the v irion  envelope w ith  the ce ll membrane.
Baucke and Spear (1979) id e n tifie d , by F c -a ff in ity  chrom atography, 
an H SV-l-induced g lycopro te in  which had a ff in ity  fo r the Fc region o f IgG
which they designated gE. La te r Para et a l. (1982a) showed th a t F(ab)2 
fragm ents (see f ig . 23) from  anti-gE -1  serum could p a rtia lly  block Fc
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is taken from  R o itt  (1984). Top, Ig consists o f tw o heavy and two lig h t 
polypeptide chains held toge the r by disulphide bonds. The term s V^ _ and 
C|_ designate the variab le  and constant regions, respective ly , o f the lig h t 
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the heavy chains.
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binding a c t iv ity .  These data, toge the r w ith  the observation th a t gE is 
present on the surface o f in fec te d  ce lls  and v irions , s trong ly  suggest th a t 
gE is the HSV-induced F c -rece p to r.
The physio log ica l s ign ificance  o f the HSV-induced F c -rece p to r is not 
understood. Hypotheses concerning its  fun c tio n a l ro le  have been proposed 
by several investiga to rs  (Costa and Rabson, 1975; Lehner e t a l. , 1975; 
Adler e t a l. , 1978; Costa e t a l. , 1977). Costa e t a l. (1977) showed a 99% 
réduction in virus production  when H S V -2-in fected  Vero ce lls  were 
incubated in the presence o f lOmg m l“ l  o f IgG fro m  norm al ra b b it serum, 
compared to a co n tro l cu ltu re  in which the IgG was replaced w ith  a lbum in. 
The authors hypothesised th a t such physio log ica l concentra tions o f IgG may 
be of re levance in c o n tro l o f p rim a ry  in fe c tio n  and in  the estab lishm ent or 
maintenance o f la ten cy . However, th is  resu lt does not appear to  have 
been fo llow ed up and i t  is o f some concern th a t no estim a te  o f the p u r ity  
of the IgG was given and th a t no in h ib itio n  o f v irus grow th  was observed 
when the concen tra tion  o f IgG was reduced te n -fo ld  to  Im g  m l-1 .
The HSV-induced F c -recep to r may be involved in  mechanisms o f 
escape from  imm une cy to lys is  (A d le r e t a l., 1978). In th is  instance, i t  
may be re levan t th a t the  binding a f f in ity  o f IgG  subclasses to  the F c- 
receptor (IgG >IgG 2>IgG l, IgG3 is not bound) is the inverse to  the binding 
a ffin ity  o f the C lq  com ponent o f com plem ent (invo lved in an tibody- 
dependent, com plem ent m ediated cyto lys is ), which is IgG3>IgG l>IgG2>IgG4 
(Schumaker e t a l., 1976).
(b) C3b recep to r
D ie rich  et a l. (1979) showed th a t p rim ary  RK ce lls  in fec te d  w ith  
HSV-1, but not un in fec ted  ce lls , bound R aji lym phoblasto id  ce lls  to  which 
purified C3 com ponent o f com plem ent was a ttached. F u rthe rm ore , the 
presence o f protease in h ib ito rs  suppressed the in te ra c tio n  o f the in fec ted
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cells w ith  the C3 bound R a ji ce lls . The authors in te rp re te d  th e ir  resu lts  
as ind icating de novo expression o f protease a c t iv ity  on the  surface  o f 
HSV-1 in fec ted  ce lls . These experim ents are p a rtic u la r ly  in tr ig u in g  when 
viewed in the lig h t o f m ore recen t experim ents o f Cines e t a l. (1982) who 
showed tha t human endo the lia l ce lls  in fec ted  w ith  HSV-1 develop recepto rs  
fo r the C3b com ponent (the a c tiva te d  fo rm  o f C3) o f com plem ent.
Friedm an e t a l. (1984) dem onstrated th a t gC -1, but not gC-2, 
functions e ithe r alone or in com bina tion  w ith  endothe lia l c e ll p ro te ins, as a 
receptor fo r the C3b com ponent. The C3b receptors were de tected  using 
erythrocytes sensitised w ith  IgM and pu rified  com plem ent com ponents. The 
C3b receptors could not be detected  when an ti-gC -1  m onoclonal antibodies 
were added to the in fe c te d  ce lls  before adding the sensitised e ry th rocy te s . 
In addition, HSV-1 (MP) which does not synthesise gC, does not express a 
C3b receptor. Thus, these resu lts  show th a t gC-1 form s p a rt o f, or is, the 
C3b receptor. More re ce n tly , both gC-1 and C3b have been p u r if ie d  to  
homogeneity (as judged by s ilve r s ta in ing  gels o f the p u r if ie d  p ro te ins) and 
a d irect in te ra c tio n  between them  has been dem onstrated (Cohen e t a l. . 
Tenth In te rna tiona l Herpesvirus Workshop, Ann A rbor, 1985).
Friedman e t a l. (1984) observed th a t gC-2 does not fu n c tio n  as a 
C3b receptor. Com parison o f the DMA sequence data fo r  the genes 
encoding gC-1 (F rink  e t a l., 1983) and gC-2 (Dowbenko and Lasky, 1984; 
Swain et a l., 1985) show th a t there  is a sequence o f tw e n ty -e ig h t am ino 
acids in gC-1 which is not present in gC-2. I t  is possible th a t the re  are 
sequences w ith in  the  tw e n ty -e ig h t am ino acids responsible fo r  the binding 
of C3b.
A c tiva tio n  o f the com plem ent pathway can lead to  the lysis o f 
infected cells (fo r rev iew , see R o it t ,  1984). G eneration o f the C3b 
component can lead to  a pos itive  feedback mechanism in which the product 
cf C3 breakdown (i.e . C3b) combines w ith  o ther p ro te ins to  fo rm  an
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enzyme which cleaves C3 to generate more C3b. Fearon (1979) presented 
evidence th a t C3b receptors on e ry th rocy tes  can in h ib it the a c tiva tio n  o f 
the com plem ent pathw ay, possibly by im pa iring  the  fun c tio n  o f bound C3b, 
and consequently p reven ting  generation o f the enzyme which cleaves C3. 
If gC-1 in h ib its  com plem ent a c tiva tio n  in th is  way, its  presence on the 
surface o f in fe c te d  ce lls  may reduce the e ffic ie n c y  o f lysis o f in fec te d  
cells by the host. Consequently, m utants w hich do not express gC-1 m igh t 
be expected to  be less pathogenic. This p re d ic tio n  has now been 
experim enta lly  observed (Sunstrum e t a l.. Tenth In te rn a tion a l Herpesvirus 
Workshop, Ann A rbor, 1985).
1.22.6 The egress o f v irions fro m  in fec ted  ce lls
The HSV v ir io n  acquires its  envelope p r im a r ily  a t the inner nuclear 
membrane (Falke e t a l., 1959; Morgan e t a l. , 1959). I t  then must be 
transported fro m  the perinuclear space to  the outside o f the ce ll. Morgan 
et al. (1959) proposed, on the basis o f EM studies, egress o f v irions  
occurred by a process o f reverse phagocytosis invo lv ing  transpo rt vesicles 
operating between the rough endoplasmic re ticu lu m  and the G olgi com plex 
and between the G olg i com plex and the c e ll su rface . Schwartz and 
Roizman (1969) proposed, on the basis o f EM studies, th a t egress o f v irions  
is via a netw ork o f tubules observed in in fec te d  ce lls . As ye t, there  is no 
evidence th a t any p a rticu la r g lycopro te ins are essentia l fo r  the egress o f 
virions.
Some syn stra ins o f HSV do not synthesise gC (Heine e t a l., 1974; 
Manservigi e t a l. , 1977; Cassai e t a l., 1975, 1976; Zezulak and Spear, 
1984b). This suggests th a t gC is not necessary fo r  the egress o f v irions.
More re ce n tly , Buckm aster e t a l. (1984) observed th a t a m onoclonal 
antibody d irected  against gH-1 inh ib its  plaque fo rm a tio n , whereas a n ti-g D  
monoclonals do not. The authors speculated th a t in h ib itio n  o f plaque
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comparison o f im m unopréc ip ita tions w ith  antisera prepared from  rabb its  
inoculated w ith  p u rifie d  ind iv idua l g lycopro te ins, i t  was established th a t 
Ag6, Ag8 and A g l l  correspond to  gC, gD and gB respective ly  (N o rr ild  
et a l., 1979; N o rrild , 1980). The id e n titie s  o f Ag3, Ag3A, Ag4, Ag4A and 
Ag9 are unknown. However, an HSV-2 g lycopro te in , g92K (Marsden e t a l. , 
1978, 1984; th is thesis) is a possible candidate fo r  id e n tity  w ith  Ag4, 
Ag4A or Ag9.
Chen et al. (1978) compared v irion  and secreted HSV-1 
g lycoprote ins. O f the three id e n tifie d  v ir io n  g lycopro te ins, designated A I, 
A ll,  and B, only A I was secreted toge the r w ith  a low MW p ro te in , 
designated C, not found in v irions. Based on the apparent MWs and the 
gel system used, i t  is lik e ly  tha t g lycoprote ins A I, A ll and B, correspond to 
gC, gB and gD respective ly . A comparison, based on MWs and/or 
im m unological data, o f the nom enclatures used by Chen et al. (1978), 
Randall e t a l. (1980) and N o rrild  and Vestergaard (1979) is shown in 
Table 9.
The data o f Chen et al. (1978) appears inconsistent w ith  th a t o f 
Randall e t al. (1980), N o rrild  and Vestergaard (1979) and th is  thesis, in 
th a t, Chen et al. (1978) id e n tifie s  only tw o  secreted g lycopro te ins (A I (gC) 
and C). The inconsistency may be a consequence o f the method used by 
Chen et al. (1978) to  rad io label the g lycopro te ins. In fected  ce lls were 
maintained and rad io labe lled  in medium devoid o f serum. Data presented 
in th is thesis (see Section 3.8.7) shows th a t a fragm en t o f gE-1 is secreted 
only i f  serum is present in the medium . The inconsistency could 
conceivably be caused by the stra in  o f v irus used.
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C H A P T E R  2 
M A T E R IA L S  A N D  M ETH O D S  
M A TER IA LS  
Cells
Baby ham ster kidney (BHK) 21 clone 13 ce lls  (Macpherson and 
Stoker, 1962) and human fo e ta l lung (HFL) cells established by 
Dr. B. C a rr it t  were used fo r these experim ents.
Virus
Herpes sim plex virus type 1 s tra in  17 syn+ (Brown e t a l., 1973) and 
herpes simplex virus type 2 s tra in  HG52 (T im bury, 1971) were the w ild  
type viruses used throughout th is study.
The ^  m utant o f stra in  17 syn+, t ^ ,  has been described previously 
(Marsden et a l., 1976), as have recom binants 1 7 + x lir  (1), Bx6 (17-1), RE6, 
RH6, RS5 (Marsden et a l., 1978), RE4 (W ilkie e t a l., 1979), B x l (28-1-1) 
(Davison et a l., 1981), RD103, RD104, RD113, RD119, RD213, RD216
(Davison, 1981; Marsden et a l., 1982) and R12-1 (Chartrand e t a l., 1981).
Tissue cu ltu re  m edia
BHK cells were cu ltured using Glasgow m odified  Eagle's medium 
(Busby et a l., 1964), supplemented w ith  50 ug/m l gentam icin  (Flow 
Laboratories, Irv ine , Scotland) and 0.002% phenol red. C a lf serum was
added to give a fin a l concentra tion  o f 10% (EClO). HFL cells were also 
cultured in Glasgow m odified Eagle's medium, but supplemented in addition 
to the above w ith  1% non-essential amino acids (NEAA) and 1% sodium
pyruvate (Flow Laboratories, Irv ine , Scotland). Foeta l ca lf serum was
added to a fin a l concentra tion  of 10% (EFCIO).
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During experim ents varia tions o f the basic media described above 
were used:-
EC2
EFC2
E(-met)
EmetC2
EmetFC2
5
E(S04free)
E(SÜ4free)C2
E(SO/^free)FC2
EHulO
EHu5
EHu2
Eagle's medium contain ing 2% c a lf serum;
Eagle's medium contain ing 2% fo e ta l c a lf  serum;
Eagle's medium lacking m ethionine;
Eagle's medium contain ing o n e -fif th  the normal 
concentra tion  o f m ethionine and 2% c a lf serum;
Eagle's medium contain ing o n e -fif th  the normal 
concentra tion  o f m ethionine and 2% fo e ta l ca lf 
serum;
Eagle's medium in which M gC l2 was substitu ted fo r 
MgSÜ4;
Eagle's medium, in which M gC l2 was substitu ted fo r 
MgSÜ4> and contain ing 2% c a lf serum;
Eagle's medium in which M gC l2 was substitu ted fo r 
MgS04  and contain ing 2% fo e ta l c a lf serum;
Eagle's medium contain ing 10% human serum;
Eagle's medium contain ing 5% human serum;
Eagle's medium contain ing 2% human serum;
STA N D A R D  SO LU TIO N S  
Phosphate b u ffe re d  saline (PBS)
17GmM N A C l, 3.4mM K C l, Im M  Na2HPÜ4, 2mM K H 2PO4, pH7.2 in 
d is tilled  w ater (Dulbecco and Vogt, 1954).
Tris-Saline
140mM NaCl, 3GmM K C l, G.28mM Na2HPÜ4, Im g /m l dextrose, 
0.25mM Tris , O.GG5% phenol red (pH7.4) supplemented w ith  lOG un its /m l 
pen ic illin  and IGG ug /m l s treptom ycin .
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Versene
EOT A (6mM) dissolved in PBS contain ing 0.0015% phenol red.
T rypsin-Versene
One volume o f 25% (w /v) D ifco  trypsin  (dissolved in Tris-saline) 
plus fou r volumes o f versene.
Giemsa stain
1.5% (v /v ) suspension o f Giemsa in g lycero l, heated at 56oc fo r 
l^ -2 h  and d ilu ted  w ith  an equal volume o f methanol.
Enzymes and m etabo lic  inhib itors
Tunicam ycin was obtained from  BDH. Deoxyribonuclease I (DN 
100) and ribonuclease A (R-4875) were obtained from  Sigma. L -1 - 
tosylam ide-2-phenyle thylch lorom ethyl ketone (TPC K)-treated trypsin  
(TRTPCK 37H 895P) was purchased from  W orthington Biochemicals
Corporation, New Jersey.
Monoclonal antibodies
The monoclonal antibodies d irected against gD (2001/1) and gB 
(2975) were isolated by Dr. J.W. Palfreym an by the method described in 
Palfreyman e t al. (1983). The monoclonal antibodies directed against gE 
(3104) and the secreted proteins (3114/109) were isolated by Dr. A. Cross. 
Their iso la tion  and characterisa tion  w ill be described elsewhere (A. Cross, 
R.G. Hope and H.S. Marsden, manuscript in preparation). The monoclonal 
antibodies, A P I and LP5, were isolated by D r. A .C . Minson and iden tified  
by im m unoprécip ita tion  as described by McLean et al. (1982). The rabb it 
monospecific antiserum  to gE-1 was a g if t  from  Dr. P.G. Spear and its  
production was described by Para et al. (1982a).
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Radiochem icals
A ll rad io labelled compounds used in th is  study were obtained from  
Amersham In te rna tiona l p lc ;-
(i) ^^S-labelled inorganic sulphate (specific  a c tiv ity  25-40 C i/m g);
(ii) [  55s]-L-m eth ionine (specific  a c tiv ity  >600 C i/m m ol.);
( i i i)  D [ l - 1 ^ - C ]  glucosamine hydrochloride (specific  a c tiv ity  50-60 
m C i/m m ol.);
(iv) D - [2 -^ H ]  mannose (specific  a c tiv ity  10-20 C i/m m ol.). 
Electrophoresis m ateria ls
Acrylam ide used fo r one-dimensional slab gel electrophoresis was supplied 
by K och -L igh t Laboratories, H averh ill, Suffo lk, England and N ,N ',- 
m ethylenebisacrylam ide (bis) was supplied by BDH Chemicals L td ., Poole, 
Dorset, England. The acrylam ide and bis used fo r non-equilib rium  pH 
gradient gel electrophoresis (NEPHGE) in two-dim ensional e lectrophoresis 
were fro m  Biorad Laboratories, Richmond, C a lifo rn ia . The TEMED (N, N, 
N', N '-te tram ethy le thy lened iam ine) and ammonium persulphate were also 
supplied by Biorad Laboratories. Urea (u ltra  pure grade) was from
Bethesda Research Laboratories, Cambridge, England. Ampholines were
from  LKB, Bromma, Sweden. A ll other chemicals were from  e ithe r Sigma
(London) Chem ical Company, Kingston-upon-Thames, London or fro m  BDH 
and were o f ana ly tica l reagent grade or be tte r.
Im m unoprécip itation  m ateria ls
H ea t-k illed  and fo rm a lin -fixe d  Staphylococcus aureus was obtained 
from Bethesda Research Laboratories, Cambridge, England. Rabbit a n ti­
mouse ascites flu id  was supplied by M iles-Yeda L td ., K iry a t Weizmann,
Rehovot, Israel.
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Im m unoaffin ity  and F c -a f f in ity  chrom atography
Cyanogen b rom ide-activa ted  Sepharose 4B was supplied by 
Pharmacia Laboratories, Upsalla, Sweden. For F c -a ff in ity  chrom atography, 
bovine serum album in (fra c tio n  v) was purchased from  Sigma Laboratories 
and anti-bovine serum album in (rabb it) was from  M iles-Yeda Laboratories.
T ryp tic  peptide mapping m ateria ls
Form ic acid (AR), b u ta n - l-o l (AR), hydrogen peroxide and pyrid ine 
(spectroscopy grade) were purchased from  BDH. G lacia l ace tic  acid was 
purchased from  K och -L igh t. Eastman chrom atogram  sheets (13255) were 
purchased from  Eastman Kodak, Rochester, New Y ork; PDIO columns 
(prepacked Sephadex G25 columns were purchased from  Pharmacia 
Laboratories.
Autoradiography and fluorography
Agfa Scopix CR3 NIF or Kodak X -O m at X S l f i lm  was used fo r 
autoradiography or fluorography respective ly. En^Hance from  New England 
Nuclear was used fo r  fluorography.
Miscellaneous m a te ria ls
Teflon tape used fo r sealing gel sandwiches was purchased from  
Minnesota Mining and M anufacturing Company. P lastic  p e tr i dishes were 
from  Flow Laboratories, Irv ine , Scotland.
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METHODS
2.1 G row th o f cells
BHK cells were grown a t 3?oc in ro ta tin g  80oz bo ttles  conta in ing
200ml EClO in an atmosphere o f 5% CO2 and 95% a ir. HFL cells were
grown in 800ml p lastic  tissue cu ltu re  flasks conta in ing 50ml EFCIO under 
the same atmosphere. C onfluent cells were harvested by washing the 
monolayers tw ice  w ith  trypsin/versene and the detached cells were
resuspended in about 20ml o f fresh medium. BHK cells were stored fo r up 
to five  days at 40C but HFL cells were rep lated im m ed ia te ly . For 
experiments, cells were seeded onto 50mm or 30mm p las tic  p e tr i dishes.
Serum starved cells were prepared by the method o f Howard e t al. 
(1974). Such cells exh ib it 1% o f the ra te  o f DNA synthesis o f non-starved 
cells (Burk, 1967).
2.2 G row th o f virus stocks
Alm ost confluent BHK cells in 80oz ro lle r  bo ttles were in fected  at 
a m u lt ip lic ity  o f in fec tio n  (moi) o f one plaque fo rm ing  un it (pfu) per 300 
cells in 40ml EClO at 31°C. When maximum cytopa th ic  e ffe c t (cpe) was 
obtained (about fou r days), virus was harvested by the fo llow ing  method. 
Cells were shaken o ff  in to  the medium and centrifuged  a t 1500xg fo r
lOmin. The pe lle t was resuspended in 5ml o f supernatant, checked fo r 
s te r ility  and stored at -7Q0C. The supernatant from  the 1500xg spin was 
centrifuged at 25000xg fo r 2h and the resu lting  pe lle t resuspended in 5ml 
o f its  supernatant. This suspension was also checked fo r s te r il ity  (as 
described in Section 2.4) and stored at -70°C . S terile  suspensions o f the 
25000xg pe lle t were trea ted  in a bath sonicator (50W at +4°C fo r 
approximately Im in .) and term ed the supernatant virus stock. S terile  
suspensions o f the 1500xg pe lle t was s im ila rly  sonicated fo r 4 x lm in  in the 
bath sonicator then c la r if ie d  by cen trifuga tion  a t 1500xg fo r  lOm in. The
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resulting supernatant was decanted and stored (supernatant 1). The p e lle t 
was resuspended in 5ml EClO, re-sonicated as above then cen trifuged  a t 
15G0xg fo r IGm in. The resu lting  supernatant was added to  supernatant 1 
and term ed the ce ll-associa ted stock.
Both supernatants and cell-associated stocks were t it ra te d  a t 3 lo c  
and 38.5°C (section 2.3) and stored in G.5ml a liquots a t -7G°C.
2-3 T itra tio n  o f virus stocks
Stocks to  be t it ra te d  were se ria lly  d ilu ted from  lG-1 to  10-6 in
PBS+ Ca5%. A liquo ts o f 0.2m l were added to alm ost confluent BHK ce ll
monolayers on 50mm p lastic  p e tri dishes, in duplicate . A fte r  Ih
adsorption, the inoculum  was removed, 4m l o f EHu5 was added and the
cells incubated fo r  2 days at 37°C or 38.5°C or fo r 3 days at 31°C .
Monolayers were fixe d  w ith  Giemsa stain (lO m in. at room tem perature) and 
plaques were counted using a dissection m icroscope.
2.4 S te r il ity  checks on HSV stocks
Virus stocks were tested fo r s te r il ity  on both brain heart infusion 
agar (BHI) and bra in heart infusion agar plus 10% horse blood (BHI blood 
agar).
2.5 P repara tion  o f rad io -lab e lled  in fe c te d -c e ll polypeptides and 
secreted p ro te in  samples
C onfluent monolayers in 30mm p e tri dishes were in fec ted  w ith  
approxim ately 20 p fu /c e ll. A fte r  Ih  incubation at the appropriate 
tem perature, virus was removed and the in fected  ce ll monolayer was 
washed tw ice  w ith  labe lling  medium (see below). Incubation was continued 
in 1ml o f tha t medium. In fec ted -ce ll monolayers were rad io-labe lled  as 
fo llow s;-
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(a) Long label
(i) [ ^5s]-m eth ion ine  (specific  a c tiv ity  >600 C i/m m ol.) a t a
concen tra tion  o f 10 u C i/m l in Em etCz;
(ii) [  35s]-inorganic sulphate (specific  a c tiv ity  25-40 C i/m g) a t a
concentra tion  o f 500 u C i/m l in E(SO^ fre e )C 2;
( ii i)  D - [  I - I 4C ] glucosamine hydrochloride (specific  a c tiv ity  50-60
m C i/m m ol) a t a concentra tion  o f 10 u C i/m l in EC2.
Radioactive label was added 2h a fte r the end of virus adsorption 
and cultures were harvested about 20h la te r . Where ind icated, the drug 
tunicam ycin was added at a fin a l concentra tion  of 2 ug/m l. The drug was 
added to monolayers about 20min. before in fec tio n  and m aintained there at 
a ll times u n til they were harvested. M ock-in fected  cu ltures were trea ted  
in a s im ila r manner, except tha t virus was o m itted . The secreted pro te in  
samples were prepared by centrifug ing  the grow th medium from  the 
monolayers at 35000xg fo r 2h to  remove virions.
(b) Pulse-label
To pulse-label ce lls, the growth medium (Eagle's medium, w ith  or 
w ithout sulphate as appropriate, and supplemented w ith  2% c a lf serum) was 
removed at 5h p os t-in fec tion  and the rad ioactive  label added in PBS 
supplemented w ith  1% non-essential amino acids. The rad ioactive  label 
was e ither ^5g_inorganic sulphate a t a concentra tion  o f 500 uC i/m l or 
D [ 2-^H ] mannose (specific  a c tiv ity  10-20 C i/m m ol.) a t a concentration o f 
100 uC i/m l (the ethanol in which mannose was supplied was removed 
before use). Where ind icated, tun icam ycin  was added as described above. 
Control m ock-in fected  cultures were trea ted  in a s im ila r manner except 
that virus was o m itted . The secreted pro te in  samples were prepared as
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described above.
(c) Puise-chase experim ents
Cells were labelled as described fo r the pulse-label above, w ith  
35s-inorganic sulphate a t a concentra tion  of 500 u C i/m l fo r the tim es 
indicated in the figu re  legends and e ithe r harvested im m ed ia te ly  (pulse) or 
chased fo r various tim es by rem oving the label, washing the monolayers 
three tim es w ith  EC2 and then incubating at 370C u n til harvesting. The 
secreted p ro te in  samples were prepared as described above.
2.6 P rep ara tio n  of im m u n o a ffin ity  columns
Monoclonal antibodies were f ir s t  pu rified  from  ascites flu id  as 
described below then linked to  cyanogen b rom ide-activa ted  sepharose 4B 
(Pharmacia) using standard methods as described by the m anufacturer and 
outlined below.
2.6.1 P u rifica tio n  o f monoclonal antibodies
About 2m l mouse ascites flu id  conta in ing monoclonal antibody was 
centrifuged at 50000xg fo r  30min to remove p a rticu la te  m a tte r. The
centrifuged ascites flu id  was d ilu ted  w ith  three volumes o f PBS. An equal 
volume of saturated ammonium sulphate was then added and le f t  to  stand 
at +40C fo r Ih r  to  p re c ip ita te  pro te in  which was pe lle ted  by cen trifuga tion  
at 1500xg fo r lO m in. Pellets were resuspended in 1ml o f PBS then
dialysed against tw o  changes o f 2 litre s  bicarbonate b u ffe r (O.IM NaHCOj»
0.5M NaCl, pH8.3) at +4°C.
The dialysed ascites flu id  was then fra c tion a ted  on a Sephacryl
S200 column (1cm x 16cm). F o rty  frac tions each of 1.5ml were co llected 
using bicarbonate b u ffe r and the op tica l density o f each fra c tion
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determined on a CE595 double beam d ig ita l UV spectrophotom eter (C ecil 
Instruments). A liquots o f each fra c tio n  were denatured then analysed by 
SDS-polyacrylamide gel e lectrophoresis (Section 2.9). Peak frac tions o f IgG 
were pooled and used to  prepare im m un o a ffin ity  chromatography columns 
(see Section 2.6.2).
2.6.2 Linkage o f pu rified  monoclonal antibody to  sepharose 4B
Ig  o f dried cyanogen b rom ide-activa ted  sepharose 4B was swelled 
fo r 15min. by addition o f approxim ate ly 10ml o f Im M  HC l. The beads 
were washed w ith  approxim ate ly 200ml o f Im M  HC l, fo llow ed by two 
washes o f 20ml b icarbonate b u ffe r. To the swelled and activa ted  beads 
was added the pu rified  im m unoglobulin (5mg Ig G /lm l o f swelled beads). 
The IgG was cova lently  linked to  the beads by m ixing a t room tem pera ture  
fo r 2h in an end over end m ixer. A fte r  the two hours, excess ac tive  sites 
on the beads were blocked by adding IM  ethanolamine, pHB.O and m ixing 
fo r 2h at room tem pera ture  in an end over end m ixer. The 
immunoadsorbent was washed tw o tim es w ith  a lte rna te  washes of 
bicarbonate b u ffe r, pH8.3, then acetate  b u ffe r pH4.0 (O.IM Na+ CH3 
COO-, 0.5M NaCl). The coupled IgG (about 3 .5 m l/lg  dried sepharose) was 
poured in to  a column 1cm wide to  fo rm  the immunoadsorbent column.
2.7 P reparation  o f F c -a f f in ity  columns
Bovine serum album in (B5A) was covalently linked to  cyanogen 
brom ide-activated sepharose 4B according to  the procedure o f Pharmacia 
above (Section 2.6.2). F c -a ff in ity  columns were prepared as described by 
Baucke and Spear (1979). B rie fly , serum containing spec ific  anti-BSA IgG 
was passed slowly through the BSA-sepharose column fo r about Ih  a t room 
tem perature. Unbound p ro te in  was washed out w ith  excess PBS + 0.5% 
NP40. The columns were equ ilib ra ted  before use (see Section 2.8.2).
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2.8 A ff in ity  chrom atography
2.8.1 Im m unoa ffin ity  chromatography
The ex trac ts  from  which the proteins were to be pu rified  by 
im m unoa ffin ity  chrom atography were prepared as fo llow s; In fe c ted -ce ll 
monolayers were prepared as described in Section 2.5, then suspended in 
0.5ml each o f O.OIM Tris, 0.15M NaCl, 0.5% NP40, 0.5% sodium
deoxycholate, pH7.5, incubated at +40C fo r Ih , sonicated (see Section 2.2) 
then centrifuged at 35G00xg fo r 2h.
The extrac ts  were loaded onto the column and allowed to incubate 
w ith  the immunoadsorbent fo r about 2h at +4°C (each sample contained 
about 5x106 ce ll equivalents). Unbound pro te in  was then washed out of 
the column w ith  excess b u ffe r (O.OIM Tris, 0.5M NaCl, 0.1% NP40, pH7.5). 
Bound pro te in  was e luted w ith  50ml o f 3M NaSCN, O.OIM Tris, pH7.8. 
Eluted prote in  was concentrated to 1ml in a dialysis sac surrounded by 
polyethyleneglycol (PEG) 6000 then dialysed against 2 litre s  PBS overnight 
at +4°C. Samples were denatured and analysed by SDS-PAGE (Section
2.10).
2.8.2 F c -a ff in ity  chromatography
This was perform ed essentially as described by Baucke and Spear 
(1979). Monolayers were solubilised in PBS + 0.5% NP40 and kept on ice 
w ith  occasional m ixing fo r 15min. Nuclei were then removed by 
centrifug ing  at 1500xg fo r lOm in.
The e x tra c t conta in ing the in fected  ce ll membranes (supernatant) 
was added to the F c -a ff in ity  columns at 37°C fo r about 15min. a fte r 
which the columns were washed extensively w ith  PBS + 0.5% NP40.
Column bound pro te in  was eluted w ith  3M NaSCN, O.OIM Tris, pH7.8, in 
PBS + 0.5% NP40 then concentrated w ith  PEG 6000 as described in Section
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2.8.1. Samples were then denatured and analysed by SDS-PAGE (Section
2.10).
2.9 Im m unoprécipitations
The im m unoprécip ita tion methods described here and below are 
based on the binding of antigen-antibody complexes to  h ea t-k illed  and 
fo rm a lin -fixe d  Staphylococcus aureus (Kessler, 1975).
2.9.1 Im m unoprécip ita tion  o f gD
The method used to im m unoprecip ita te  gD was described by Zweig 
et al. (1980). In fected or m ock-in fected cells were solubilised w ith  O.IM 
Tris, 0.5% NP40, 0.5% Na deoxycholate, 10% g lycero l, pH8.0 (5x l 06
c e lls / lm l) ,  sonicated (Section 2.2) fo r Im in ., then le f t  at +4°C fo r Ih . 
P articu la te  m atte r was removed by cen trifuga tion  at 13000 rpm  in a 
m icrofuge fo r 5min. Extracts were c la r if ie d  by cen trifuga tion  at 60000xg 
fo r Ih  and the supernatant retained fo r im m unoprécip ita tions.
Antibody (20ul o f ascites flu id ) was incubated w ith  0.5m l o f ce ll 
e x trac t ( / ^ 2x l 06 ce ll equivalents) or 0.5ml o f supernatant e x tra c t fo r 3h at 
+4°C then fu rth e r incubated fo r Ih  w ith  lOOul Staphylococcus aureus
(Staph, aureus). The m ixture  was centrifuged in a m icrofuge a t 13000 rpm 
fo r Im in . then the pe lle t was washed three tim es w ith  0.5M L iC l, O.IM 
Tris, 1% beta-m ercaptoethanol, pH8.0. The washed pelle ts were
resuspended in 0.5ml. 2% sodium dodecyl sulphate (SDS), 20% g lycero l,
2.5% beta-m ercaptoethanol, 0.05M Tris , pH8.0, then boiled fo r 5min. and 
analysed by SDS-PAGE (Section 2.10).
2.9.2 Im m unoprécip itation of gE
gE was im m unoprecipita ted as described by Lee et al. (1982a). 
M ock-infected or in fected cells were solubilised in 140mM NaCl, 20mM
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Tris, 1% NP40, 0.5% Na deoxycholate, 0.1% ovalbumin, pH7.6 ( lm l /5x l 06 
cells), sonicated fo r Im in . (Section 2.2) then centrifuged a t lOGOOOxg fo r 
Ih . lOul o f monospecific antiserum  was incubated w ith  lOOul o f c la r if ie d  
antigen (the supernatant) fo r Ih  a t 40C, a fte r which tim e  lOOul o f Staph, 
aureus was added and incubated fo r  another Ih . The m ix tu re  was then 
centrifuged at 13000 rpm  in a m icrofuge fo r Im in . The pe lle t which
contains Staph, aureus plus bound antigen-antibody complex was washed 
three tim es by cen trifuga tion  in a m icrofuge at 13000 rpm fo r Im in ., f irs t ,  
w ith  140mM NaCl, 20mM Tris , 1% NP40, 0.5% Na deoxycholate, 0.1% SDS, 
pH7.6, second, w ith  140mM NaCl, 20mM Tris, 0.1% NP40, pH7.6, th ird ,
w ith  lOmM Tris, 0.1% NP40, pH7.6 w ith  Im in . The fin a l pe lle t was 
resuspended in denaturing b u ffe r (Section 2.10), boiled fo r 5min. then 
analysed by SDS-PAGE (Section 2.10).
2.9.3 Im m unoprecipiation o f q92K
Cells were solubilised in lysis b u ffe r (0.9M NaCl, O.OIM Tris, 
7.5m M -L-m ethionine, 10% triton -X -lO O , 10% Na deoxycholate, pH7.4) 
d ilu ted ten fo ld  in PBS, to  a concentra tion  o f 5x l 06 ce ll equ iva le n ts /lm l 
then le f t  at +4°C fo r 20min. Insoluble m ateria l was removed by
centrifugation  at 13000 rpm fo r  Im in . in a m icrofuge. g92K was
im m unoprecipitated by the method o f McLean et al. (1982). Antibody (5ul 
of ascites flu id ) was incubated w ith  rad ioactive ly  labelled antigen fo r 
30min. at room tem perature before adding 25ul o f Staph, aureus. This 
m ixture was kept a t room tem pera ture  fo r 2h. Staph, aureus (w ith  
antigen-antibody complexes attached) were centrifuged in a m icrofuge at 
13000 rpm fo r Im in . then washed three tim es w ith  0.5M L iC l, O.IM Tris, 
1% beta-m ercaptoethanol, pH7.4. The fin a l pe lle t was resuspended in 
0.1ml o f denaturing b u ffe r and boiled fo r 5min. then analysed by SDS- 
PAGE (Section 2.10).
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2.10 Sodium dodecyl sulphate-poly acrylam ide gel electrophoresis  
(SDS-PAG E)
2.10.1 One-dimensionai (1-D) SDS-PAGE
Slab gels were cast ve rtica lly  in a sandwich consisting o f two
glass plates separated by 1,5mm th ick  perspex spacers and sealed w ith
te flon  tape. Three types o f resolving gel were used: (i) single
concentration gels containing 10% acrylam ide cross-linked w ith  1 part in 40
(w/w) N ,N '-m ethylenebisacrylam ide in 1.5M Tris, pH8.9, 0.4% SDS,
(ii) single concentra tion  gels containing 9% acrylam ide cross-linked w ith  1 
part in 40 (w /w ) N ,N '-d ia lly lta rta rd iam ide  in 1.5M Tris, pH8.9, 0.4% SDS,
(iii)  grad ien t gels contained a 5% to 12.5% linear gradient o f acrylam ide 
cross-linked w ith  1 part in 20 (w /w ) N ,N '-m ethylenebisacrylam ide also in 
1.5M T ris , pH8.9, 0.4% SDS. Im m ediate ly a fte r casting, the gel was 
overlayed w ith  butan-2-ol in order to  ensure a smooth in te rface  on 
polym erisation. Polym erisation was achieved by the addition of ammonium 
persulphate (0.006%) and N,N,N ',N ', te tram ethyle thylened iam ine (TEMED) 
(0.004%) to  the gel solution before the gels were loaded.
Stacking gels were buffered w ith  0.49M Tris, pH6.7, containing 
0.4% SDS and were polymerised just p rio r to  sample loading. The gels 
contained 5% acrylam ide cross-linked w ith  the same chem ical and at the 
same ra tio  as was used in the resolving gel.
Samples were prepared fo r analysis by boiling fo r 5min. in a 
denaturing b u ffe r w ith  a fin a l concentration o f 50mM Tris, pH6.7, 2% SDS, 
5% beta-m ercaptoethanol, 10% g lycero l. Gels were electrophoresed at 
e ither 0.45m A/cm 2 fo r 3-4h or 0.09m A/cm 2 fo r 18h using a b u ffe r 
containing 52mM Tris, 67mM glycine and 0.1% SDS.
2.10.2 Two-dimensional (2-D) SDS-PAGE
The 2-D non-equilibrium  e lectrophore tic  procedure used in these
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studies was essentia lly tha t o f O 'Farre ll e t al. (1977) w ith  s ligh t
m odifications as described by Haarr and Marsden (1981). Monolayers from  
30mm p e tri dishes were resuspended in 0.3ml HzO* Cells were then lysed 
by three cycles o f freez ing  and thawing, each fo llow ed by Im in . sonication 
(Section 2.2) a t +4°C. The DNA and RNA o f these lysed cells were
degraded by adding to  each 0.3ml o f sample, 0.25ml 30mM Tris, pH7.5, 
30mM MgClz conta in ing 30 ug/m l DNase 1 and 30 ug/m l RNase A and
incubating the m ix tu re  a t +4oC fo r 30min. Urea, NP40 and ampholines 
were added to give f in a l concentrations o f 9.2M, 2% and 2%, respective ly. 
A t this stage the samples were ready fo r non-equilibrium  pH gradient
electrophoresis (NEPHGE) and were e ither used im m ediate ly or were stored
at -70OC.
The NEPHGE gel m ixtu re  was composed o f 9M urea, 2% NP40, 2% 
ampholines (pH 3.5-10) and 3% acrylam ide and 1.62% N,N '-
methylenebisacrylam ide). Polym erisation was achieved by the addition of 
ammonium persulphate (0.17%) and TEMED (0.12%) to  gel solutions before 
they were poured in to  glass tubes w ith  an in te rna l d iam eter o f 2mm. The 
m ixture  was overlayed w ith  w ater. The length Of the polymerised gel was
8cm. 5-20ul o f the sample prepared as described above was added to  the
NEPHGE gel and electrophoresed fo r 3h at 550V. The bu ffe r in the upper 
reservoir was O.OIM phosphoric acid while the lower reservo ir contained 
0.02M NaOH (degassed).
A fte r e lectrophoresis, the seal between the NEPHGE gel and glass 
was broken w ith  a syringe needle and the gel was gently squeezed from  
the tube. The gel was then boiled fo r lOmin. in 0.0625M Tris, pH6.8, 
2.3% SDS, 0.07M d ith io th re ito l, 10% g lycero l to  denature the proteins, the 
gels were then washed tw ice  in the same b u ffe r w ith  the addition o f 1% 
agarose. For the second dimension, the NEPHGE gel was placed 
horizonta lly across the stacking gel o f a slab gradient gel and embedded
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therein in 1% agarose. The second dimensional electrophoresis was 
perform ed as fo r one-dimensional SDS-PAGE (Section 1.10.1).
2.11 T ry p tic  peptide mapping o f polypeptides
2.11.1 Preparation o f t ry p t ic  peptides
Polypeptides to be try p t ic  peptide mapped were f ir s t  separated on 
a 10% single concentra tion  SDS-polyacrylam ide gel (Section 2.10.1). The 
gels were dried im m ed ia te ly  a fte r electrophoresis. Four rad ioactive  ink 
marker spots were placed at the corners of the ,gel which was then 
exposed to X -ray f i lm  (see Section 2.12). Gels were aligned w ith  th e ir 
autoradiographs by the rad ioactive  spots. Slices o f gel contain ing the
polypeptides to  be digested were excised by cu ttin g  through the 
autoradiograph in to  the underlying gel.
Polypeptides were eluted from  the gel slices by the method of
Anderson et al. (1973). B rie fly , gel slices were packed in to  a column 
containing electrophoresis b u ffe r (0.025M Tris, 0.19M g lycine, 0.1% SDS)
and ca rrie r p ro te in  (5ug o f BSA per column). A small dialysis sac
containing about 30Gul o f electrophoresis bu ffe r was attached to the 
bottom of the column and the polypeptides were electrophoresed at IGOV 
fo r 16h at +4°C in to  the sac.
A fte r e lectrophoresis the polypeptides were desalted by passage 
through a prepacked PDIG column (9ml bed volume) contain ing sephadex G- 
25 (Pharmacia Laboratories), then lyophilised to dryness. SDS was removed 
by the procedures used by Henderson et al. (1979). B rie fly , the lyophilised 
polypeptides were resuspended in a solution of acetone, tr ie thy lam ine , 
acetic acid, w a ter (85:5:5:5) and incubated at +4°C fo r Ih . This trea tm en t 
precipitated the polypeptides while solubilising the SDS. P recip ita ted  
polypeptides were pelle ted by cen trifuga tion  at 13GGG rpm fo r IGmin. in a 
microfuge and washed (by cen trifuga tion  at 13GGG rpm fo r IGmin.) w ith  the
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acetone, tr ie th y la m in e , ace tic  acid, w a te r solution, then two more tim es 
w ith acetone only. A fte r  the last ce n trifuga tion  step, the pe lle t contain ing 
the polypeptides was resuspended in lOOul o f a 1% solution o f ammonium 
bicarbonate conta in ing 5ug o f T P C K -trea ted  trypsin . D igestion was 
performed fo r  16h a t 37°C , then a fu r th e r 5ug o f TP C K -trea ted  trypsin  
was added. A fte r  a fu r th e r 4h, the peptides were lyophilised to  dryness.
The peptides were oxidised w ith  pe rfo rm ic  acid (H irs, 1967) in the 
fo llow ing manner; P erfo rm ic  acid was generated by incubating 0.5ml 
hydrogen peroxide (30 volumes) w ith  10ml fo rm ic  acid fo r 2h. Then to 
each pe lle t was added in tu rn  w ith  thorough m ixing lOOul o f pe rfo rm ic  
acid, 25ul methanol and 40ul pe rfo rm ic  acid. The m ixtu re  was incubated 
at room tem pera ture  fo r 2.5h when 8m l o f w a ter was added to  d ilu te  the 
perform ic acid. The so lu tion was then lyophilised by freeze-dry ing .
2.11.2 Separation o f t ry p t ic  peptides
The peptides were taken up in about 5ul o f pH2.1 electrophoresis 
buffer (g lac ia l ace tic  acid, fo rm ic  acid, w a te r; 8:2:90) and applied, lu l  a t a 
tim e, to  a spot 4cm fro m  each o f tw o adjacent edges o f a th in - laye r 
cellulose chrom atogram  (Eastman Kodak). A fte r  each application, the spot 
was dried in a cu rren t o f cold a ir. The peptides were electrophoresed fo r 
45min. at 600V, a fte r which tim e  the chrom atogram  was dried in a cu rren t 
of cold a ir. Ascending chrom atography was perform ed in a d irec tion  
perpendicular to  th a t o f e lectrophoresis in 80ml bu ffe r containing 
bu tan -l-o l, pyrid ine, ace tic  acid; 24:30:20:6). The chromatogram was then 
dried in a cu rren t o f ho t a ir  then sprayed w ith  En^Hance (New England 
Nuclear) before being exposed to  X -ra y  f i lm  (Section 2.12).
2.12 Autoradiography and fluorography
Gels were fixed  fo r Ih  in m ethanol:w ater:acetic  acid (50:50:7)
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follow ed by several washes in m ethano l:w ater:ace tic  acid (5:88:7). For 
autoradiography, gels were dried under vacuum onto a sheet o f f i l te r  paper 
(Whatman grade 182) and exposed to Agfa Scopix CR3NIF a t room 
tem pera ture. For fluorography, fixed  and washed gels were placed in 
three volumes o f En^Hance solution (New England Nuclear, Boston, Mass, 
USA), shaken gen tly  fo r  Ih  and then washed tw ice  fo r  Ih  in 10 volumes of 
w ater before being dried under vacuum as above. D ried gels were
exposed to  XS-1 f i lm  at -70oC.
2.13 E stim atio n  of the am ount o f pro te in  in ind ividual bands
Fluorographs were scanned w ith  a Joyce-Loebl double-beam scanning 
m icrodensitom eter. Peaks corresponding to  the polypeptides under
investiga tion  were cu t out o f the densitom eter scan and weighed.
2.14 Polypeptide nom enclature
For g lycoprote ins, the nom enclature agreed upon at the Eighth 
Herpes Simplex Virus Workshop held a t Oxford (1983) has been used. This 
is discussed in de ta il in Section 1.16. B rie fly , g lycoprote ins are designated 
by an a lphabetica l le t te r .  The p re fix  "g" ind icates the m ature form  of the 
g lycoprote in. Where a g lycopro te in  also has a p re fix  "p", the precursor of 
the g lycopro te in  is ind icated. Where i t  is not possible to  or where i t  is 
not wished to  distinguish between d iffe re n t form s o f a g lycoprote in, the 
p re fix  is w ritte n  out in fu l l,  e.g. g lycoprote in  B. When glycoproteins are 
not resolved from  each o ther, the band is ind icated by the names o f the 
glycoproteins like ly  to  be present in it ,  e.g. g lycoprote in  B/C. The 
corre la tion  between th is  nom enclature and th a t used by Marsden e t al. 
(1976, 1978) has been discussed by Haarr and Marsden (1981).
The series o f spots on two-dim ensional gels previously designated 
pgA to gA (Haarr and Marsden, 1981; Palfreym an e t a l., 1983) have been
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renamed in th is  thesis since several studies have shown gA and gB to be 
antigen ica lly  re la ted  (Eberle and Courtney, 1980b; Pereira e t a l., 1981; 
Palfreym an et a l., 1983). The nom enclature agreed at the 1983 O xford 
m eeting makes no provision fo r m u ltip le  fu lly  processed form s o f the same 
core g lycopro te in . I t  is proposed here to make use o f th e ir  d iffe re n t 
apparent MWs, as was agreed fo r precursor form s, and to  rename gA and 
gB, g B ll8  and gBi22 respective ly  when i t  is necessary to  d iffe re n tia te  
between them .
RESULTS
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RESULTS
SEC TIO N A: S U L P H A T E D  G LY C O P R O TE IN S  IN D U C E D  BY
HERPES S IM PLEX VIRUS
3.1 P rosthetic  groups o f HSV glycoproteins
3.1.1 Incorporation o f ^^S-inorganic sulphate in to  HSV-infected cells
To determ ine i f  sulphate was incorporated in to  HSV-induced 
glycoproteins, BHK ce lls in fec ted  w ith  HSV were labelled w ith  ^^S- 
inorganic sulphate. In it ia l experim ents showed tha t incorpora tion  o f the 
label in to  tr ic h lo ro a c e tic  acid (TC A)-prec ip itab le  m a te ria l in both 
uninfected and in fec ted  cells was higher i f  the cells were grow n in 
sulphate-free ra the r than norm al medium. To tes t whether inorganic 
sulphate is incorporated in to  the same m ajor macromolecules in norm al or 
sulphate-free medium, both uninfected and in fected  cells were labelled w ith  
500uCi/m l ^^S -inorganic sulphate in e ithe r medium, and the same 
proportion o f cells fro m  each dish were resolved by SDS-PAGE. Fig. 24 
shows th a t using e ithe r medium, the label was incorporated in uninfected 
cells in to  m acrom olecules o f heterogeneous size (lanes 4, 5). A fte r
in fec tion  w ith  HSV-1 o r  HSV-2, incorporation was d ram a tica lly  reduced 
and the p ro file  was a lte red  (lanes 1, 2, 3, 6, 7, 8). Lanes 1 and 8 are 
longer exposures o f lanes 2 and 6 respective ly . Comparison o f lane 1 w ith  
lane 3 and lane 7 w ith  lane 8 shows tha t the increased incorpora tion  in 
sulphate-free medium was in to  the same major macromolecules as in 
normal medium. Subsequent experim ents were the re fo re  perform ed in 
sulphate-free media.
17syn^ 
+  +  -
î:
B /C [  ^
Ml
+  -
4 5
■ i
HG52
+  -  +
6 7 8
1
F IG U R E  24
Autoradiograph o f sulphated m acrom olecuies synthesised in cells in fec ted  
with 17 syn+ (HSV-1), HG52 (HSV-2) and in m ock-in fec ted  (M I) ce lls. Cells 
were labelled fro m  2-24h a fte r  in fec tio n  w ith  ^^S-inorganic sulphate e ithe r 
in the presence of norm al concentrations o f inorganic sulphate (+) or in the 
absence or inorgan ic sulphate (-). The polypeptides in th is  and subsequent 
figures were resolved on 5%-12.5% SDS-polyacrylam ide gels, unless 
otherwise stated. Lanes 1 and 8 are fro m  an autoradiograph which was 
exposed fo r app rox im a te ly  six tim es longer than th a t from  which lanes 2 
to 6 were taken.
T iie  rtM^v-d'r'q  ^ o l ono 2.4K  \ ^ e r c
co ^ s is teo tU ; o L e r v J i l  ci-mS r e m o .  A u o c U r a c T e i r i t e d .
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3.1.2 V irus-induced polypeptides which label w ith  inorgan ic sulphate
Since the g lycopro te ins o f many viruses are known to  be sulphated, 
the m o b ility , on SDS-polyacrylam ide gels, o f polypeptides labelled  fro m  5h 
to 7h PI w ith  ^^S -inorgan ic sulphate or [ ^H]-mannose were compared 
(fig . 25). In ce lls  in fec te d  w ith  e ith e r HSV-1 or HSV-2, a m ajor sulphated 
moiety was induced w hich, fro m  data presented la te r , can be id e n tif ie d  as 
gE. In add ition , in HSV-1 in fec te d  ce lls , less intense sulphated bands co­
migrated w ith  g lycopro te ins B /C , D and polypeptides o f apparent MW 
32000, 34000 and 35000 (32K, 34K and 35K). The 32K, 34K, and 35K 
polypeptides can be detected  in f ig .  25 but are more c le a rly  seen in la te r 
figures (MWs were determ ined fro m  the data shown in f ig . 29). The only 
less-intense sulphated band consis ten tly  seen in H S V -2-in fected  ce lls co­
migrated w ith  g lycopro te in  D although sulphate labe l co -m ig ra ting  w ith
glycoproteins B /C  was occasionally observed as were a number o f o ther 
bands (e.g. f ig .  25). The re la tiv e  in tens itie s  o f g lycopro te ins B /C , D and E 
based on visual estim ates fro m  the autoradiographs o f f iv e  experim ents are 
shown in Table 10. G lycoprote ins B /C  and D were genera lly more heavily  
labelled during a 2-24h label than during a pulse o f Ih  to  2h dura tion , an 
observation w hich w il l  be discussed la te r . F ig . 25 also shows th a t fo r  
g lycoprote in D the sulphate was associated only w ith  the more fu l ly  
processed form s and not the precursor (pgD).
To determ ine w hether g lycopro te ins B, C and Y are sulphated, H FL 
cells were in fec ted  w ith  HSV-1 or were m ock-in fec ted  (MI) and prote ins 
labelled w ith  ^ ^S -inorgan ic sulphate or w ith  [ ^H-mannose]. The labelled
proteins were separated by 2-D gel e lectrophoresis (f ig . 26). Id e n tif ic a tio n
of the m ajor g lycopro te ins, f ig . 26 (a) was based on im m unopréc ip ita tion
with monoclonal antibodies (P a lfreym an e t a l., 1983). pgB117 and pgB107 
are two m annose-containing e le c tro p h o re tica lly  w e ll separated early 
interm ediates o f g lycopro te in  B. F ig . 26 (b) shows sulphated, v irus-induced
Ml 17syn'*’ HG52
S Man I S Man i S Man
] b/
-gD
-pgD
35
32
25
24
F IG U R E  25
Comparison o f the polypeptides in in fec ted  cells labelled w ith  e ithe r 
t^H ]-m annose (man) or ^^S -inorganic sulphate (S) in PBS + 1% non- 
essential amino acids. Cells were in fected  w ith  e ithe r 17 syn+ (HSV-1) 
or HG52 (HSV-2), or were mock in fected  (MI). They were labelled 
from  5 to 7h p os t-in fe c tion .
TA B LE  10
H SV-sulphated g lycopro te ins
Labe lling  tim e Serotype G lycopro te in R e la tive
in te n s ity *
HSV-1 B /C +
E ++ +
Continuous from D + +
2h - 24h
P os t-in fe c tion HSV-2 B/C S
E + + +
D +
HSV-1 B /C 8
Pulsed at 5h E +++
P os t-in fec tion D +
fo r  Ih  - 2h
B/Cduration HSV-2 8
E +++
D 8
Four categories o f in ten s ity  are used. However, the in ten s ity  of a 
p a rticu la r band varies plus or minus one ca tegory fro m  experim ent 
to  experim ent;
+++ very intense band
++ strong band
+ m inor band
8 trace  amounts sometimes seen
(a) 17* Mannose (b) 
2 5h
P9B117
9
17. SO
P9B117
'^ p g D
h2
i
17tSQi+ Mannose 
2-5h
9E
9D
P9B117
P9B-I07 
pgC
X pg E
■ ► ^pgD
(e) 1 7 t S 0 4
20h
9E
9D
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Sulphation o f g lycopro te ins B, C, D, E and Y in H FL cells in fec te d  w ith  
HSV-1 s tra in  17 syn"^. HFL cells were m ock-in fec ted  (MI; c) or in fec ted
with 17 syn"*" (a, b, d, e) and labelled  w ith  e ithe r [ ^H]-mannose (a) or
^^S-inorganic sulphate (b, e) fro m  5-7 .5h (a, b, c, d; 2.5h) or fro m  2-
22h (e; 20h) a fte r  in fe c tio n , (d) Separation of a m ix tu re  o f ^^S -inorgan ic
sulphate and [ ^H ]-m annose-labe lled polypeptides. Polypeptides were 
resolved by 2D e lectrophoresis (NEPHGE). For the 2D gel shown in th is  
figure and f ig . 32, Ampholines pH 3.5 to 10 were used fo r the f ir s t  
dimension and 5-12.5% SDS-polyacrylam ide gel fo r the second dimension. 
The acid ic end of the NEPHGE gel is on the le f t .  The fluorographs have 
been cut to show only polypeptides o f apparent MW between about 45,000 
and 130,000.
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Comparison o f the polypeptides o f in fec ted  and un in fected ce lls labelled
with [^H ]-m annose (Man), [ ^^S ]-m ethion ine (M et), ^^5-inorgan ic  sulphate 
(SO4) or [ l^C ]-g lucosam ine  (Gin). Cells were in fec ted  w ith  e ithe r HSV-1 
strain 17 syn+ (17+) or HSV-2 s tra in  HG52 (52) or were m ock-in fec ted  (MI).
Labelling w ith  mannose was fro m  5 to 6.5h a fte r in fe c tio n  and w ith  the
other isotopes fro m  2 to  24h a fte r  in fe c tio n . In th is figu re  the symbols
for HSV-1 g lycopro te ins ( ■ )  and HSV-2 g lycopro te ins (o) are placed 
adjacent and to  the le f t  o f the appropria te  lane.
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is fu r th e r characterised in Sections 3.9 - 3.13. O ther polypeptides not 
indicated on th is lane may be precursor or processed form s o f the 
iden tified  g lycopro te ins but are as ye t un iden tified  species. [  l ^ c ] -  
glucosamine (lane 12) is incorpora ted in HSV-1 in fec ted  ce lls most in tense ly
into gB /C , pgB and gD, w h ile  pgD is re la tiv e ly  poorly labe lled .
Polypeptides m ig ra ting  in the v ic in ity  o f gE are also poorly labelled 
appearing as a t r ip le t  m ig ra ting  in p a rt s lig h tly  fas te r than the HSV-1 
inorganic su lphate-labelled gE (lane 7). Once again polypeptides not 
indicated, cannot be id e n tif ie d  w ith  any degree o f c e rta in ty .
3.2 Sulphated polypeptides w hich are secreted
3.2.1 Id e n tif ic a tio n  o f sulphated polypeptides which are secreted
Secreted polypeptides were found in the supernatant a fte r  
centrifug ing  the grow th  medium at 35000 x g fo r  2h (Methods, Section
2.5). This procedure removed the m a jo rity  o f v irions fro m  the g row th
medium w h ils t leaving behind most o f the T C A -p rec ip itab le  counts 
(Table 11). The tab le  shows th a t the y ie ld  o f supernatant v irus was not 
reduced by the absence o f inorgan ic sulphate fro m  the grow th  m edium . I t  
also shows th a t the fra c tio n  o f T C A -p re c ip itab le  counts rem ain ing in the 
growth medium a fte r  ce n tr ifu g a tio n  was essentia lly  una ffected  by the
presence in, or absence fro m , the g row th  medium o f inorganic sulphate. 
These observations fu r th e r ju s t ify  the use o f su lpha te-free  m edium . 
Fig. 28 shows in tra c e llu la r polypeptides and polypeptides found in the 
extrace llu la r g row th medium before and a fte r  ce n trifu g a tio n . In th is
experiment, cells in fec ted  w ith  17 syn+ were labelled w ith  ^^S -inorgan ic 
sulphate or [ 14C]-glucosam ine (w hich, like  mannose, serves to  ind ica te  the 
positions o f g lycoprote ins). Most o f the sulphated g lycoprote ins B /C  and E 
were removed from  the e x tra ce llu la r g row th  medium by ce n trifu g a tio n , 
suggesting tha t they are v irion-bound or ex ist in an aggregated fo rm . On
the other hand, most o f the sulphated p ro te in  which co-m igra tes w ith  gD
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Comparison o f in tra c e llu la r  polypeptides (I) and polypeptides in the grow th 
medium before (Med) and a fte r (Secreted) ce n trifu g a tio n  a t 35000g fo r 2h. 
Polypeptides o f ce lls  in fe c te d  w ith  HSV-1 s tra in  17 syn+ were labelled in 
sulphate-free medium fro m  2 to 24h a fte r in fe c tio n  w ith  e ithe r ^^S- 
inorganic sulphate (S) or [ ^'^C]-glucosam ine (Glu).
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was not rem oved, suggesting th a t i t  is la rge ly  secreted and is soluble in 
the grow th  m edium . Also secreted were the sulphated polypeptides o f
apparent MWs 32000 and 34000. In add ition , low er amounts o f a
polypeptide o f apparent MW 35000 and sm all amounts o f a sulphated
g lycoprote in  o f apparent MW 47000 (m ore c le a rly  seen on F ig . 42, lane 4)
were fre qu e n tly  observed to  be secreted.
3.2.2 A pparent MW o f sulphated polypeptides
The p reviously re fe rre d  to  apparent MW o f the in tra c e llu la r and
secreted sulphated polypeptides were determ ined by com paring th e ir  
m ob ility  (on 5% to  12.5% SDS-polyacrylam ide gels) w ith  those o f [3 5 s ]-  
m eth ion ine-labe lled  in tra c e llu la r polypeptides (f ig . 29). The strongest v irus - 
induced sulphated band secreted fro m  ce lls  in fec te d  w ith  HG52 m igra ted in 
the v ic in ity  o f g lycop ro te in  D w ith  an apparent MW o f 57000 to  63000
(also f ig . 42). A band o f s im ila r apparent MW (47000 to  57000) was 
secreted fro m  ce lls  in fec ted  w ith  17 syn+ and, in add ition , the 32K and 
34K polypeptides were very prom inent w ith  lesser amounts o f the 35K 
polypeptide. A d d itio n a l sulphated bands observed in  th is  and other figures 
co-m igrated w ith  host sulphated bands (fig . 42).
3.2.3 Q u a n tif ica tio n  o f the amount o f sulphated 32K, 34K and 35K
polypeptides which are secreted fro m  H S V -l- in fe c te d  cells
Figs. 28 and 29 show th a t in com parison w ith  the o ther sulphated 
g lycoproteins, a polypeptide  co -m ig ra ting  w ith  gD and the 32K, 34K and 
35K polypeptides are p re fe re n tia lly  secreted. To q ua n tify  the ra tio  o f the
amounts o f 32K, 34K and 35K secreted to  th a t synthesised, densitom eter
scans were made o f autoradiographs o f in tra c e llu la r and secreted sulphated 
polypeptides fro m  experim ents s im ila r to  those shown in f ig . 29. From a 
knowledge o f the  volumes in which the p ro te ins were harvested and the 
volumes loaded onto gels, the values shown in Table 12 were ca lcu la ted .
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F IG U R E  29
Comparison o f the m o b ilit ie s  o f v irus-induced polypeptides labe lled  w ith  
either [ ^^S ]-m eth ion ine (M et) or ^^5 -ino rgan ic  sulphate (S) in ce lls in fec ted  
w ith HSV-1 s tra in  17 syn+ or HSV-2 s tra in  HG52. Both in tra c e llu la r and 
secreted (Sec) sulphated polypeptides are shown.
T A B L E  12
F ra c tio n  o f sulphated 32K , 34K , 33K  po lypeptides  
w hich are  secreted  fro m  H SV-1 in fe c te d  ce lls
E xperim en t C e ll F ra c tio n  o f sulphated 32K, 34K, 35K
polypeptides which are secreted
1 BHK 1.00
2 BHK 0.86
3 BHK 0.97
4 BHK 0.94
5 H FL 0 .93
32K, 34K, 33K (secreted)_______________ __________________
32K, 34K, 35K (secreted) + 32K, 34K, 35K ( in tra c e llu la r)
where 32K, 34K, 35K (secreted) =
area o f 32K, 34K, 35K secreted peak x 
volum e in which polypeptides harvested 
volume loaded onto gel
the 32K, 34K, 35K (in tra c e llu la r) is s im ila r ly  ca lcu la ted
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About 95% o f the 32K, 34K and 35K polypeptides w hich were made were 
secreted. S im ila r am ounts were secreted fro m  both BHK and H FL ce lls .
I t  is c lea r fro m  f ig .  42 th a t the sulphated polypeptides fo rm  only a 
subset o f the to ta l polypeptides secreted fro m  17 syn+-in fected  cells 
(compare lane 4 w ith  lanes 3 and 9). For exam ple, in add ition  to  the 32K,
34K and 35K, bands (lane 9) polypeptides having apparent MWs o f 112000
to 120000, 57000, 47000, 45000 and 40000 were released fro m  [  1 4 c ]-  
g lucosam ine-labelled ce lls  in fec te d  w ith  17 syn+. From  densitom ete r scans 
made o f the autoradiographs shown in th is  fig u re  and o f autoradiographs 
from  o ther s im ila r experim ents , i t  was ca lcu la ted  th a t the 32K, 34K and 
35K polypeptides com prise only about 5% o f [ l^C ]-g luco sa m in e -la be lle d  
polypeptides and about 10% o f [ 35s]_nnethionine-labelled polypeptides 
secreted fro m  17 syn+ -in fec ted  ce lls .
3.3 A d d itio n a l ev idence th a t the sulphated m acrom olecules are
v irus-induced
That the sulphated polypeptides are v irus-induced is suggested by 
the observations th a t a t the  NPT (38.5QC) the m u tan t _UK which is blocked 
very early  in in fe c tio n  (Preston, 1979a) did not induce them  in s ig n ifica n t 
amounts (f ig . 30). The sulphated polypeptides o f apparent MWs 32K, 34K
and 35K also appeared to  be virus-induced as they were not seen in ce lls
infected a t 38.50C w ith  _^K. However, the high MW in tra c e llu la r
sulphated m o ie ty  w hich m ig ra ted  near the top o f the reso lv ing gel (figs . 25 
and 26) is probably o f host o rig in  since i t  was present in the 38.50C 
in fection  w ith  tsK . I t  is recognised th a t the high MW secreted 
polypeptides m ig ra tin g  a t the top o f th is  and o the r figu res (figs. 28 and 
29),are shut o ff  by tsK  a t 38.50C. This is probably a dem onstra tion  o f the 
observations o f Fenw ick and W alker (1978) and N ishioka and S ilverste in  
(1978b) th a t host p ro te in  synthesis is shut o f f  by a v ir io n  com ponent and/or 
an im m ed ia te-ea rly  HSV-induced polypeptide . These high MW polypeptides
whole cell secreted
31 3831 38
tsK 
31 38
wt
31 38
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F IG U R E  30
Failure o f tsK  to induce e ithe r suiphated polypeptides in the whole 
infected ce ll (whole ce ll) or suiphated secreted polypeptides at the non- 
permissive tem pe ra tu re . C ells were in fec ted  w ith  e ithe r 17 syn+ ts"^ (w t) 
or 17 syn+ tsK  (tsK ) at 31°C  (the perm issive tem pera ture) and 38.5°C (the 
non-permissive tem pera tu re ) and labelled fro m  2-24h p os t-in fe c tion  w ith  
^^S-labelled inorgan ic  sulphate.
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can be seen to  co -m ig ra te  w ith  host suiphated polypeptides (figs . 38 and 
42) and host [ l^C ]-g luco sa m in e  labe lled  polypeptides ( f ig . 42).
3.4 Id e n tif ic a t io n  o f the  m a jo r suiphated H SV-induced g lyco p ro te in
as g ly co p ro te in  E
Baucke and Spear (1979) id e n tif ie d  an HSV-induced g lycopro te in  
(designated gE) which had a f f in ity  fo r  the Fc region o f IgG. I t  was tested 
whether any o f the HSV-induced suiphated g lycopro te ins possessed th is  
a ff in ity . F c -a f f in ity  colum ns consisting  o f ra b b it antibody bound to  an 
antigen (BSA) w h ich  was its e lf  co va len tly  coupled to  sepharose 4B were 
prepared as described by Baucke and Spear (1979). C o n tro l columns lacked 
rabbit antibody. Equal volum es o f an e x tra c t o f ce lls in fec ted  w ith  e ithe r 
17 syn+ or HG52 and labe lled  w ith  35S-inorganic sulphate were applied to  
the a ff in ity  or co n tro l colum ns and e lu ted as described. The resu lts  are 
presented in f ig .  31. The m a jo r suiphated g lycopro te in  in ce lls  in fec ted  
w ith 17 syn+ was more s trong ly  bound by the F c -a ff in ity  column (lane 2) 
than by the co n tro l co lum n (lane 3) ind ica ting  id e n tity  w ith  gE, the F c- 
binding g lycop ro te in . The m a jo r suiphated g lycopro te in  induced by HG52 
also bound more s trong ly  to  the  F c -a f f in ity  colum n (lane 5) than to  the 
control colum n (lane 6). A lthough i t  is not possible to  te l l  w hether binding 
was se lective as i t  was the  only m a jo r suiphated p ro te in  applied to  the 
column, the re su lt suggests th a t the m ajor suiphated g lycopro te in  o f HG52 
also has Fc-b ind ing  a c t iv ity .  (In th is  experim ent, some o f the HG52- 
infected ce ll e x tra c t was lost and few e r counts were loaded onto both F c- 
a ffin ity  and c o n tro l columns).
The m ajor in tra c e llu la r  suiphated polypeptide in 17 syn+-in fected 
cells had an apparent MW o f 72000 to  83000 w ith  a fa in te r  band at 67000. 
In HG52-infected ce lls , the in tra c e llu la r  polypeptide o f m ajor in tens ity  had 
an apparent MW o f 74000 to  85000 and again there  was a m inor band at
17syn HG52
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F c -a ff in ity  chrom atography o f HSV-induced suiphated g lycopro te ins. Equal 
volumes o f e x tra c ts  (EXT) o f ce lls  in fec ted  w ith  HSV-1 s tra in  17 syn+ or 
H5V-2 s tra in  HG52 and labe lled  w ith  ^^S-inorganic sulphate were applied to 
either IgG-BSA-sepharose (IgG) or con tro l BSA-sepharose (C) columns. 
A fte r extensive washing, bound polypeptides were e lu ted w ith  3M -potassium  
thiocyanate as described by Baucke and Spear (1979). The bound and 
eluted polypeptides toge the r w ith  the in fec ted  c e ll e x trac ts  were resolved 
by SDS-PAGE. A ll lanes come from  one autoradiograph o f a single gel, 
but some in te rven ing  ir re le v a n t lanes have been rem oved. A ll lanes o f the 
autoradiograph were exposed to  the gel fo r  equal tim es.
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67000 (not c le a rly  seen in th is  fig u re , but regu la rly  seen in a pulse, e.g. 
f ig . 25). These MWs are a lm ost id e n tica l to  the MW range o f 65000 to  
80000 dete rm ined  by Baucke and Spear (1979) fo r  g lycopro te in  E and 
provide supportive  evidence th a t the suiphated g lyco p ro te in  is g lycopro te in  
E. The apparent MWs o f o the r in tra c e llu la r  suiphated polypeptides are 
indicated on f ig .  29.
3.5 E vidence suggesting th a t gE and gY  conta in  N -lin k e d  
oligosaccharides
The drug tun icam yc in  was used to  investiga te  w hether g lycopro te ins 
E and Y con ta in  N -linked  oligosaccharides. H FL ce lls  were in fec te d  w ith  
HSV-1 s tra in  17 syn+ e ith e r in the presence or absence o f tun icam yc in  and 
labelled w ith  [ 35s]-m eth ion ine  fro m  5h to  8h a fte r  in fe c tio n . Labelled 
polypeptides were analysed by 2-D  gel e lectrophoresis (f ig . 32). In the 
absence o f the drug, the fu lly  m ature  fo rm s o f the m ajor g lycopro te ins
(gB, gC, gD and gE) were synthesised, as was gY . In the presence o f
tun icam ycin , none were made, suggesting th a t a ll the  g lycopro te ins and, in 
pa rticu la r, gE and gY, conta in  N -linked  o ligosaccharides (the positions to  
which the fu l ly  processed g lycopro te ins would m ig ra te  i f  they were present 
are shown). Several novel polypeptides ind ica ted  by sm all arrows 
accumulated in the presence o f the drug. They fo rm  three groups
designated 1, 2 and 3 having apparent MWs o f 105000, 75000 and 47000 
respective ly and probably correspond to  those o f MWs 110000, 80000 and 
50000 previously observed (P izer e t a l. , 1980) to  accum ulate in the
presence o f the drug.
3.6 N a tu re  o f the  linkage o f inorgan ic  sulphate to  HSV  
glycopro te ins
H FL ce lls  were e ith e r m o ck-in fe c te d  or in fe c te d  w ith  HSV-1 and 
labelled w ith  35s-inorgan ic  sulphate, [ 35s]-m eth ion ine  and [ 3H]-mannose. 
Infection and labe lling  were perfo rm ed  in both the absence and in the
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E ffe c t o f tun ica m yc in  on po lypep tide  synthesis in H FL  ce lls in fec te d  w ith
HSV-1 s tra in  17 syn+. C e lls were labelled fro m  5 to  8h a fte r in fec tio n
w ith  [ 3^5] m eth ion ine  and polypeptides were separated on 2D gels as fo r
fig . 26. The le ft-h a n d  fluorograph shows polypeptides synthesised in the
absence o f the drug; the  righ t-hand  fluorograph  shows polypeptides
synthesised in in fe c te d  ce lls  trea ted  w ith  tun icam yc in . Large arrows
indicate the m a jo r H S V -l-induced  g lycopro te ins and th e ir  precursors or the
positions to  which they would m ig ra te  i f  they were present. Small arrows 
designated 1, 2 and 3
indicate the  novel H S V -l- in fe c te d  ce ll polypeptides synthesised in the 
presence o f the drug.
^  I n c o r p o r e l  loA i^ to  o t k e r  b o n is  -f)0S4-»V»\v^ -  IS A «A
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presence o f tun ica m yc in  and polypeptides were analysed by SDS-PAGE 
(fig . 33). Tunicam ycin  essen tia lly  abolished inco rpo ra tion  o f [ 3H]-mannose 
in to  HSV-1 g lycopro te ins  (com pare lanes 6 and 9). This re su lt con firm s  the 
e a rlie r w ork o f P ize r e t a l. (1980) and suggests th a t g lycopro te ins  B, C 
and D conta in  N -lin ked  o ligosaccharides. Evidence suggesting th a t gE 
contains N -linked  o ligosaccharides is provided by the observation th a t the 
drug re d u c e d  the in co rpo ra tio n  o f 35s_inorganic sulphate in to  gE 
(compare lanes 4 and 7). The drug also prevented inco rpo ra tion  o f 
inorganic sulphate in to  gB, gC and gD. However, inco rpo ra tion  o f 
inorganic sulphate in to  H S V -l- in fe c te d  ce lls was not as d ra m a tica lly  
reduced by tun ica m yc in  as was in co rpo ra tion  o f [ 3n]-m annose (Table 13). 
Several bands were s t i l l  labe lled  w ith  35s-inorganic sulphate in in fec ted  
cells in the presence o f the  drug, in p a rticu la r, one o f approxim ate  MW 
70000 was synthesised. M a jo r [ 35s]_nnethionine-labelled polypeptides o f 
apparent MW 105000 and 47000 accum ula te  in the presence o f the drug 
(compare in f ig .  33, lane 8 w ith  lane 5) and correspond to  those seen in 
fig . 32. Results o f experim en ts  investiga ting  the o rig in  o f the 70K 
polypeptides w il l  be presented la te r .
3.7 Physical map lo c a tio n  o f suiphated polypeptides
3.7.1 Mapping o f the m a jo r in tra c e llu la r suiphated g lycopro te in
I t  was a consisten t observation  th a t gE induced by HG52 m igra ted 
slightly slower in 5% to  12.5% g rad ien t SDS-PAGE gels than did gE 
induced by 17 syn+ (figs . 24, 25, 27, 29 and 31). This m o b ility  d iffe rence  
enabled a physical map lo ca tion  fo r  the g lycopro te in  to  be obtained. 
M ock-infected or in fe c te d  ce lls  grown in su lpha te-free  medium  were 
labelled w ith  35s-inorgan ic  sulphate fro m  5h to  7h PI, a procedure which 
labelled p redom inantly  gE (Table 10). Recombinants 1 7 + x l ir  (1), B x l (28- 
1-1) and Bx6 (17-1) induced a type  2 polypeptide whereas RE6, RH6 and
gB,gC [
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F IG U R E  33
E ffe c t o f tun icam yc in  on H FL  ce lls  in fec te d  w ith  HSV-1 s tra in  17 syn+. 
Cells were e ith e r in fe c te d  (17+; lanes 4 to  9) or were m ock-in fe c te d  (M I; 
lanes 1, 2, 3, 10, 11, 12) and labe lled  fro m  5 to  8h a fte r  in fe c tio n  w ith  
^^S-inorganic sulphate (S; lanes 1, 4, 7, 10), [ ^^S ]-m eth ion ine  (M et; lanes 
2, 5, 8, 11) or D - [ 2-^H ]-m annose (Man, lanes 3, 6, 9, 12).
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RE4 induced a type 1 po lypeptide  (f ig . 34). C o rre la tion  o f these data w ith  
the genome s truc tu res  o f these recom binants (f ig . 35) gave a map loca tion  
between 0.832 and 0.950mu o f the genome, de lim ited  on the le f t  by the 
BamHI q '-m ' s ite  o f B x l (28-1-1) and on the r ig h t by the Xbal j - i  s ite  o f 
RE4 w ith  a ll data consisten t.
A nother six in te r ty p ic  recom binants, each o f which conta ined 
crossovers in the short reg ion, were used to  re fin e  fu r th e r th is  loca tion . 
Fig. 36 shows e x tra c ts  o f MI and in fec ted  ce lls  grown in su lpha te-free  
medium and labelled  w ith  35s-inorganic sulphate fro m  2h to  22h PI. A ll 
six recom binants induce gE-1. C o rre la tion  o f these data w ith  the genome 
structures o f these recom binants (fig . 37) gives a map loca tion  de lim ited  
on the le ft-ha n d  side by the HSV-2 B g lll q-1 s ite  (0.886) and on the r ig h t-  
hand side by the  HSV-2 EcoRI n-o s ite  (0.935) w ith  a ll the data consistent.
Since these studies, the gene encoding g lycopro te in  E o f HSV-1 has 
been sequenced (McGeoch e t a l. , 1985) and the coding region lies between 
residues 8693 and 10289 o f the Ug component o f the HSV genome.
3.7.2 Mapping o f the suiphated secreted prote ins 32K, 34K and 35K
To gain ins igh t in to  the o rig in  o f the secreted 32K, 34K and 35K 
proteins, they were mapped using the same set o f recom binants th a t were 
used fo r the mapping o f gE. The prote ins were secreted by recom binants 
RE4 and RE6, but not by HG52 or recom binants 1 7 + x lir  ( l) ,  B x l (28-1-1) 
or Bx6 (17-1) ( f ig . 38) fro m  which a map position  o f 0.832 to  0.950mu can 
be deduced. These co-ord ina tes are again de lim ited  on the le f t  by B x l 
(28-1-1) and on the r ig h t by RE4 w ith  a ll data consistent.
Using the same second set o f recom binants described above, f ig . 39 
shows tha t ce lls  in fe c te d  w ith  each o f the six recom binants a ll secrete the 
32K, 34K and 35K p ro te ins, thus g iv ing  a map loca tion  id e n tica l to th a t 
obtained fo r gE which is d e lim ite d  on the le ft-ha n d  side by the HSV-2
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Mapping o f the m a jo r in tra c e llu la r suiphated g lycopro te in  (g lycopro te in  E). 
Fluorograph o f suiphated m acrom olecules induced in m ock-in fec ted  (MI) 
cells and in ce lls in fe c te d  w ith  the in te r ty p ic  recom binants (1),
B x l (28-1-1), Bx6 (17-1), RE6, RH6, RE4 and the parenta l viruses HSV-1 
strain 17 syn"*" and HSV-2 s tra in  HG52. Cells were labelled w ith  ^^S- 
inorganic sulphate fro m  5 to  7h a fte r in fe c tio n .
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Summary o f the genome s tru c tu re s  o f the six recom binants used fo r  the 
experim ent represented in f ig .  34. The genome arrangem ent o f HSV-DNA 
is illu s tra te d  in the p ro to typ e  con fig u ra tion  at the top o f the fig u re , 
showing the long and short repea t sequences and the long and short unique 
regions. V e rtic a l do tted  lines correspond to the ends o f the long and short 
repeat sequences. Those sequences o f the recom binan t derived fro m  the 
type 1 and type 2 paren t are represented by a th ick  continuous line 
superimposed re sp ec tive ly  on the upper and low er o f the tw o ho rizon ta l 
dotted lines. C rossover regions are ind ica ted  by one or tw o v e rt ic a l lines 
between the th ic k  continuous h o rizon ta l lines. The distance apart o f two 
ve rtica l lines ind ica tes the rem ain ing region o f u nce rta in ty  fo r  th a t 
crossover even t. Where the u n ce rta in ty  is sm all, the crossover appears as 
a single v e r t ic a l line . The un its  on the top are expressed as a fra c tio n  of 
the genome length . A lthough RE4 is fixed  in the Ig co n fig u ra tio n , i t  is 
drawn in the p ro to typ e  co n fig u ra tio n , the hatched box represents deleted 
DNA sequences. There is a transposition  o f DNA sequences in RE4, of 
HSV-2 sequences fro m  0.26-0.28m u in to  the position  o f deleted sequences 
(Davison and W ilk ie , 1983). D e lim itin g  re s tr ic t io n  sites in the short region 
of the genome in HSV-1 ( ) and HSV-2 ( T )  are designated as fo llow s:
B l,  B am H I q -m '; B2, BamHI m '-q; B3, BamHI d '-b '; Bgll,
B g lll i-h ; X , X ba l j - i .
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F IG U R E  36
Mapping o f g lyco p ro te in  E. Fluorograph o f suiphated polypeptides induced 
in m ock-in fec ted  (M I) ce lls and in cells in fec ted  w ith  the in te r ty p ic  
recombinants RD103, RD104, RD113, RD119, RD213, RD216 and the
parental viruses HSV-1 s tra in  17 syn"*’ (lanes 1) and HSV-2 s tra in  HG52 
(lanes 2). C e lls  were labe lled  w ith  ^^S-inorganic sulphate from  2-22h a fte r  
infection.
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Genome s truc tu res  o f the S region o f the six recom binants th a t were used 
for the experim en t represented in f ig .  36, to  dete rm ine  the map loca tion  
of g lycopro te in  E. HSV-1 and HSV-2 DN A sequences are ind ica ted  by a 
thickening of the upper or low e r, respec tive ly , o f the two ho rizon ta l dotted 
lines. Regions o f u n ce rta in ty  o f the crossover positions are ind ica ted  by 
the space between th ic k  v e r t ic a l b lack lines. The solid b lack rectang le  
shows the map pos ition  o f g lycopro te in  E. D e lim itin g  re s tr ic t io n  sites in 
HSV-1 DNA ( 1- ) and HSV-2 D N A ( t  ) are as fo llow s:
B l,  Bam HI q -m ’; B2, BamHI m ’-y ; B3, Bam HI a’-m ’; B4,
BamHI j-n '; B5, Bam HI g’-u; HI H in d lll m-1; H2, H in d lll
n-g; H3, H in d lll 1-k; K I K pn l r-a ; K2, K pn l j-h ; B g ll,
B g lll q-1; RI, EcoR I n-o.
Recombinants RD113 and RD119 have HSV-2 sequences in the L segment 
of the genome extend ing  fro m  co -o rd ina te  0.00 to  0.10 and fro m  0.00 to 
0*07 respective ly .
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Mapping o f the secreted po lypeptides o f apparent MW 32,000, 34,000 and
35,000. Fluorograph of polypeptides induced in ce lls  in fec ted  w ith
recombinants 1 7 + x ll^  (1), B x l (28-1-1), Bx6 (17-1), RE6, RE4 and the
parental viruses 17 syn"*" (HSV-1) and HG52 (HSV-2). Cells were labe lled
w ith ^^S -inorgan ic sulphate fro m  3 to  24h a fte r  in fe c tio n . The s y m t^ l ( ■ )
or(o} iAcl\ c o X o n BS V-2. p i  Ao, 
ind icating an HSV-1 polypeptidejfflue placed to  the le f t  o f the po lypeptide  to
which i t  re fe rs . The numbers 1 or 2 above a lane denotes the HSV-1 or
HSV-2 paren ta l v irus.
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Mapping o f the secreted polypeptides o f apparent MW 32,000, 34,000 and
35,000. F luorograph o f polypeptides induced in ce lls in fec ted  w ith  
recom binants RD103, RD104, RD113, RD119, RD213, RD216 and the
parental viruses HSV-1 s tra in  17 syn"^ (lanes 1) and HSV-2 s tra in  HG52 
(lanes 2). Secreted polypeptides are fro m  the g row th  medium o f ce lls  
labelled w ith  ^^S -inorgan ic  sulphate fro m  2-20h a fte r  in fe c tio n .
*
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B g lll q-1 s ite  (0.886) and on the righ t-hand  side by the HSV-2 EcoRI n-o 
site (0.935) w ith  a ll data consisten t.
Since the genomic lo ca tion  o f the  32K, 34K and 35K p ro te ins is 
w ith in  the lim its  obta ined fo r  gE, the  poss ib ility  ex is ts th a t they m igh t be 
re la ted  to  gE. They could also be re la te d  to  gD which was mapped, using
in te r ty p ic  recom binants, to  w ith in  the  reg ion 0.824 to  0.945mu (Marsden
et a l., 1978; Ruyechan e t a l., 1978; H a llib u rto n , 1980).
3.8 Genesis o f the  32K , 3 4K , 35K  and th e  55K , 57K  secre ted  
p ro te in s  and the  70K  sulphated p ro te in  w hich accum ulates  in  
th e  presence o f tu n icam yc in
3.8.1 Im m unop réc ip ita tion  w ith  a n ti-gE  m onospecific  antiserum
Two observations suggested th a t the 70K po lypeptide  m igh t be
re la ted  to  gE. F irs t, its  m o b ility  on SD S-polyacrylam ide gels is very
s im ila r to  th a t o f pgE (fig . 33). Second, i f  70K is a p a r tia lly  processed
form  o f a v irus-induced g lyco p ro te in , then the fu lly  m ature fo rm  o f th a t
g lycopro te in  is lik e ly  to  be a t least as heav ily  sulphated as 70K. Only gE
satisfies th is  c r ite r io n . A cco rd ing ly , we tested  w hether the 70K
polypeptide could be im m unoprec ip ita ted  by an antiserum  d irec ted  against
gE (fig . 40). Cells in fec te d  w ith  s tra in  17 syn+ in the  presence or absence
of tun icam yc in  were labelled  w ith  e ith e r [ ^^S ]-m eth ion ine  or ^^S -inorgan ic
sulphate. E x trac ts  were prepared (lanes 1, 2, 7 and 8) and
im m unoprécip ita tions perfo rm ed as described by Lee e t a l. (1982a). The
immune serum , but not co n tro l non-im m une serum, p re c ip ita te d  gE and pgE
from ce lls in fec te d  in the absence o f the drug (compare lanes 4 and 6
with lanes 12 and 10 re spec tive ly ). The 70K polypeptide  was s p e c ifica lly
precip ita ted  by the an ti-gE  serum (lanes 3 and 5) but not by the co n tro l
serum (lanes 11 and 9) dem onstra ting  th a t i t  is an tigen ica lly  re la ted  to  gE.
That the 32K, 34K and 35K secreted pro te ins m igh t be
antigenically re la ted  to  gE is also shown in f ig .  40. The 32K and 34K
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Antigenic re latedness o f gE and the 7OK polypeptide which accum ulates in 
the presence o f tun ica m yc in . BHK21 ce lls were in fec te d  w ith  HSV-1 s tra in  
17 syn+ in the presence (+; lanes 1, 3, 5, 7, 9, 11) or absence (-; lanes 2, 
4, 6, 8, 10, 12) o f tun icam yc in  and labelled fro m  3.5 to  24h a fte r  in fe c tio n  
w ith e ithe r 5 u C i/m l [ ^^S ]-m eth ion ine  (M; lanes 1 to 4, 11, 12) or
50GuCi/ml ^^S -ino rgan ic  sulphate (5; lanes 5-10). Prote ins were e x trac te d  
(EXT) and im m unoprec ip ita ted  w ith  m onospecific ra b b it an ti-gE  serum
(Anti-gE IP; lanes 3, 4, 5, 6) or non-im mune ra b b it serum (Con IP; lanes 9,
10, 11, 12). The positions o f gE, pgE, 70K, 34K and 32K are ind ica ted  by
dots ( ■ ) to  the r ig h t o f the appropria te  lanes.
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Kinetics o f secre tion  and s ta b ility  o f sulphated polypeptides induced by 
HSV-1 s tra in  17 syn+. In fec ted  cells were labelled w ith  ^^S -inorgan ic 
sulphate fro m  5-7h a fte r  in fe c tio n . A t the end o f th is  period, the labe l 
was removed and ce lls  were then harvested (chase = Oh) or chased fo r  the 
times ind ica ted  (1, 3, 5 or 16h) in medium conta in ing  no rad io isotope. 
Secreted polypeptides (lanes 6-10) were obtained fo r each tim e  po in t 
represented in whole in fec te d  ce lls (lanes 1-5).
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FIG U R E 42
Comparison o f po lypeptides secreted fro m  in fe c te d  ce lls  (labelled w ith  
[ ^^S ]-m eth ion ine , ^^5 -ino rgan ic  sulphate and [ l ‘^ C ]-g lucosam ine) w ith  those 
im m unoprec ip ita ted  by a m onoclonal antibody d irec ted  against gD. 
Polypeptides were labe lled  w ith  [ ^^S ]-m eth ion ine  (M e t, lanes 1 to  3), ^55- 
inorganic sulphate (5, lanes 4 to 6) or [ ^^C ]-g lucosam ine (G lu, lanes 7 to 
9). Polypeptides secreted fro m  m ock-in fec ted  (M I) ce lls  (lanes 2, 5 and 8) 
or cells in fec te d  w ith  e ith e r H5V-1 s tra in  17 syn+ (lanes 3, 4 and 9) or 
HSV-2 s tra in  HG52 (lanes 1, 6 and 7) were harvested. pgD and gD 
were id e n tif ie d  by the [ ^H l-m annose-labe lled  in tra c e llu la r  polypeptides o f 
17 syn+ in fec te d  ce lls  (lane 11). Lane 12 shows [ ^^g j.pne th ion ine -labe lled  
in tra ce llu la r polypeptides p re c ip ita te d  by m onoclonal antibody num ber 140. 
Lane 14 shows [ 55s]_m eth ion ine-labe lled  polypeptides secreted fro m  ce lls 
infected w ith  17 syn+ and lane 13 shows an imm une p re c ip ita te , by the 
same antibody, o f these polypeptides. Im m unopréc ip ita tions  were 
performed by D r. J.W. P a lfreym an.
110
polypeptides fro m  17 syn+ -in fec ted  ce lls  labe lled  w ith  [ ^H]-m annose 
(lane 11). Lane 13 shows the polypeptides p re c ip ita te d  by th is  antibody 
fro m  the to ta l [  ^^S ]-m e th ion ine -labe lled  polypeptides secreted fro m  
in fec ted  ce lls  (lane 14). The 32K, 34K and 35K polypeptides were 
sp e c ifica lly  p re c ip ita te d  apparently  dem onstra ting  th a t they share a 
common an tigen ic  de te rm ina n t w ith  gD.
This re su lt is c le a rly  not com patib le  w ith  experim ents (f ig . 40) 
showing p re c ip ita tio n  o f the secreted pro te ins by a n ti-gE  antibodies. The 
results which fo llo w  inves tiga te  th is  anomaly and dem onstra te  
unambiguously th a t the  32K, 34K and 35K p ro te ins are re la te d  to  gE. This 
e a rlie r re su lt arose m ost lik e ly  by m onoclonal antibody No. 140 being a 
m ix tu re  o f tw o  s p e c ific it ie s , one against gD and the o the r against the 
secreted p ro te ins. U n fo rtu n a te ly , i t  is not possible to  te s t th is  hypothesis 
as the antibody producing c e ll line  is no longer v iab le  and the s tock o f
antibody is depleted.
3.8.4 P u r if ic a tio n  o f gD, gE and the secreted p ro te ins  32K, 34K, 33K,
and 53K, 57K by im m u n o a ffin ity  chrom atography using m onoclonal 
antibodies d ire c ted  against gD, gE and the 32K, 34K and 33K
pro te ins
To de te rm ine  the o rig in  o f the 32K, 34K and 35K secreted
proteins, i t  was decided to  f i r s t  p u r ify  them  and g lycopro te ins  D and E 
and analyse the p u r if ie d  p ro te ins by try p t ic  peptide m apping. The prote ins 
were f ir s t  p u r if ie d  by im m u n o a ffin ity  chrom atography using m onoclonal 
antibodies d irec ted  against g lycopro te ins D, E and the 32K, 34K and 35K 
proteins. The antibod ies were cova len tly  linked to  sepharose and 
im m unoa ffin ity  colum ns prepared as described (Section 2.6.2). F ig . 43 
shows an autorad iograph o f pro te ins p u rifie d  by im m u n o a ffin ity  
chromatography (lanes 2, 3, 4 and 6) fro m  e x tra c ts  (lanes 1 and 5) o f 
H S V -l-in fec ted  ce lls  labe lled  w ith  [ 35s]-m eth ion ine fro m  3h to  12h a fte r  
in fection . The a n ti-gB  m onoclonal antibody was used as a co n tro l to
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FIG U R E 43
P urifica tion  o f HSV-1 s tra in  17 syn+-induced polypeptides by im m u n o a ffin ity  
chrom atography. In fec ted  BHK cells were labelled fro m  5-12h a fte r 
in fection  w ith  [ 5^S ]-m eth ion ine . E x trac ts  were prepared fro m  whole 
infected ce lls  (WC EXT) or fro m  the supernatant o f these in fec ted  ce lls  
(Sup EXT). About 3x10^ c e ll equ iva lents o f the WC EXT and about 1x10^ 
cell equivalents o f the Sup EXT were passed through the im m u n o a ffin ity  
columns conta in ing  m onoclonal antibodies (MABs) bound to sepharose. The 
MABs used were d irec ted  against: gD -M AB 2001/1, lane 2; gE-M AB 3104,
lane 3; gB-M AB 2957, lane 4 and the 32,000, 34,000, 35,000 secreted 
proteins -M A B  3114/109, lane 6. Bound prote ins were e lu ted w ith  3M Na 
SCN pH7.8, then concen tra ted  20-30 fo ld  using PEG 6000. S pec ifica lly  
bound prote ins are ind ica ted  on the le ft-hand  side o f the autoradiograph. 
N on-specifica lly trapped p ro te ins are ind ica ted  on the righ t-hand  side o f 
the autoradiograph: re la tiv e ly  m ajor contam inants are id e n tif ie d  by a MW
[e.g. 63,000 (63K)] or named (e.g. ac tin ), re la tiv e ly  m inor contam inants are 
indicated by an a rrow  ( f— ).
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id e n tify  p ro te ins n on -sp e c ifica lly  trapped on the colum ns: these are
ind icated on the righ t-hand  side o f the  fig u re  and include several high MW 
prote ins (arrow ed), probably o f host o rig in , the host a c tin  p ro te in  and the 
v ira l 63K and 43K p ro te ins. The a n ti-g D  m onoclonal antibody recognises 
gD, pgD and a high MW p ro te in  thought to  be a m u ltim e r o f gD (mD) 
which co -m ig ra tes  w ith  pgB (lane 2). The an ti-gE  m onoclonal antibody 
recognises gE and pgE (lane 3) w h ile  the a n ti-32 K , 34K and 35K 
monoclonal antibody recognises the  32K, 34K and 35K p ro te ins, a 57K 
pro te in  w hich co -m ig ra tes  w ith  gD and a 55K p ro te in  (lane 6).
3.8.5 T ry p tic  peptide maps o f gD, gE, 55K, 57K and the 32K, 34K and
35K pro te ins
To obta in  single p ro te ins fo r  t ry p t ic  peptide f in g e rp rin tin g  the
proteins p u r if ie d  by im m u n o a ffin ity  chrom atography were separated by 
SDS-PAGE using a 10% single concen tra tion  p repa ra tive  gel. The gels 
were dried and autoradiographs prepared, then using the autoradiographs as 
tem plates, s trips  o f acry lam ide  conta in ing  the pro te ins o f in te re s t were 
excised, e lu ted  fro m  the acry lam ide  and try p t ic  peptide maps prepared as 
described in Section 2.10.2. In add ition  to  gD, gE and the secreted
proteins, i t  was decided to  prepare maps o f the p u ta tive  m u ltim e r o f gD 
(mD) and the 55K, 57K p ro te ins recognised by the a n ti-3 2 K , 34K and 35K 
antibodies. F ig . 44 shows the t ry p t ic  peptide maps o f these p ro te ins and 
the p a tte rn  obta ined by m ix tu res  o f t ry p t ic  peptides o f gE and the 32K,
34K and 35K p ro te ins and also o f gD and the 32K, 34K and 35K p rq te ins.
It can be seen th a t gE, the 32K, 34K and 35K and the 55K, 57K pro te ins, 
gave s im ila r t r y p t ic  peptide maps and were d is tin c t fro m  gD. The 
relatedness o f gE, 32K, 34K and 35K secreted pro te ins and the 55K, 57K 
secreted pro te ins was unambiguously established by exam ina tion  o f the 
mixtures o f t r y p t ic  peptides, w hich shows the  spots seen in the  maps o f 
secreted pro te ins co -m ig ra te  w ith  the spots seen in the gE map, but not
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FIG U R E 44
Fluorographs showing 2-d im ensional t ry p t ic  peptide maps o f im m u n o a ffin ity  
purified  p ro te ins fro m  HSV-1 s tra in  17 syn '^-in fected ce lls ; top row , f ir s t  
panel -  gE, second panel - secreted pro te ins 32K, 34K, 35K, th ird  panel - 
gD: bo ttom  row , f ir s t  panel - a m ix o f the gE and 32K, 34K, 35K
peptides, second panel - secreted pro te ins 55K, 57K, th ird  panel - a m ix o f 
the gD and 32K, 34K, 35K peptides. P urified  e x trac ts  shown in f ig .  43 
were separated on 10% single concen tra tion  SDS-polyacrylam ide gels and 
the fo llo w in g  pro te ins excised: (a) gD and mD from  the MAB 2001/1
im m un o a ffin ity  colum n, (b) gE fro m  the MAB 3104 im m u n o a ffin ity  co lum n, 
(c) the secreted prote ins 32K, 34K, 35K and 55K, 57K fro m  the MAB 
3114/109 im m u n o a ffin ity  co lum n. T ry p tic  peptides were prepared fo r  each 
protein as described in the Methods. The try p t ic  peptides were applied to 
thin layers o f ce llu lose, the po in t o f app lica tion  (o rig in ) is shown by the 
black dot at the bo ttom  le f t  o f each panel, and peptides were separated 
firs t by e lectrophoresis (v e rt ic a l d ire c tio n  o f the fluorograph) then by 
ascending chrom atography (h o rizon ta l d ire c tion  of the fluorograph). Some 
tryp tic  peptides have been designated w ith  a number or a le t te r  to 
fa c ilita te  com parison.
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Fluorograph showing 2-d im ensional t ry p t ic  peptide maps which dem onstra te  
the an tigen ic  re latedness o f mD (apparent MW 117K) and gD. A p u rifie d  
ex trac t, fro m  the an ti-gD  MAB, 2001/1 im m u n o a ffin ity  column (see f ig . 43) 
was separated on a 10% single concen tra tion  SDS-polyacrylam ide gel and 
the fo llo w in g  pro te ins excised (a) gD, (b) mD. T ry p tic  peptides were 
prepared fo r  each p ro te in  as described in the Methods and applied to th in  
layers o f ce llu lose and f ir s t  separated by e lectrophoresis (v e rtic a l d ire c tion  
of the fluorograph), then by ascending chrom atography (ho rizon ta l d ire c tion  
of the fluorog raph). Some try p t ic  peptides have been designated w ith  a 
le tte r to fa c i l i ta te  com parison.
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w ith  the  spots seen in the gD map. The t ry p t ic  peptide  map produced by 
the high MW p ro te in  recognised by the  a n ti-g D  m onoclonal antibody gave a 
s im ila r p a tte rn  to  the gD p a tte rn  ( f ig . 45). I t  can be concluded th a t the 
32K, 34K and 35K pro te ins are encoded by the  gene w hich encodes gE. 
The 55K, 57K p ro te ins (which m ig ra te  a t the  same apparent MW as gD) 
are also encoded by the gE gene.
3.8.6 T ry p tic  peptide maps o f ind iv idua l secreted p ro te ins , 32K, 34K and
35K
A lthough the apparent MW o f gE is tw ic e  th a t o f each o f the  32K, 
34K and 35K secreted pro te ins, the t r y p t ic  peptide  maps o f gE conta ins no 
spots add itiona l to  those seen in the t ry p t ic  peptide  maps o f 32K, 34K and 
35K. This observation raised the poss ib ility  th a t a t least tw o  o f the 32K, 
34K and 35K pro te ins are encoded by d if fe re n t regions o f the gene 
encoding gE. To te s t th is  hypothesis, the 32K, 34K and 35K pro te ins were 
f ir s t  p u rifie d  by im m u n o a ffin ity  chrom atography using the m onoclonal 
antibody, 3114/109 colum n. The 32K, 34K and the 35K were in d iv id ua lly  
cu t out o f 10% SDS gels and t ry p t ic  peptides prepared. F ig . 46 shows 
autoradiographs o f the t r y p t ic  peptide maps o f 32K, 34K and 35K and a 
m ix o f the 34K and 35K t ry p t ic  peptides. The pa tte rns  produced by the 
34K and the 35K look s im ila r. This is substantia ted  by exam ining the m ix 
o f the 34K and 35K peptides. A lthough th is  sample has not run in to  the 
cellu lose sheet as fa r  as the ind iv idua l 34K and 35K maps, i t  does show 
tha t the t r y p t ic  peptides fo r  both the 34K and 35K co -m ig ra te . 
Furtherm ore, the map o f the m ix tu re  o f 34K and 35K t ry p t ic  peptides 
looks s im ila r to  the map o f the 32K try p t ic  peptides. I t  is concluded th a t 
each o f the th ree  secreted pro te ins 32K, 34K and 35K are a ll encoded, a t
least, in p a rt by a common region o f the gE gene. This s t i l l  leaves
unresolved the question as to  why there  are as many t ry p t ic  peptides in
the maps o f the secreted pro te ins as in the map o f gE. The question is
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FIG U RE 46
Fluorograph showing 2-d im ensional t ry p t ic  peptide maps o f the ind iv idua l 
components o f the secreted pro te ins: top le f t ,  secreted p ro te in  of
apparent MW 34,000 (34K); top r ig h t, secreted p ro te in  35K; bo ttom  le f t ,  
a mix of the 34K and 35K; bo ttom  r ig h t, secreted p ro te in  32K. The 
secreted pro te ins were p u rifie d  by im m u n o a ffin ity  chrom atography from  
HSV-1 s tra in  17 syn+-in fected  ce lls  labelled fro m  2-22h a fte r  in fec tio n  w ith  
[ 55s]_nnethionine, as shown in f ig . 43. The p u rifie d  secreted pro te ins were 
separated on a 10% single concen tra tion  SDS-polyacrylam ide gel. The 32K, 
the 34K and the 35K secreted prote ins were excised separately fro m  the 
gel. T ryp tic  peptides were prepared from  each p ro te in  and applied to th in  
layers o f ce llu lose and f ir s t ly  separated by e lectrophoresis (v e rt ic a l 
direction o f fluorograph) then by ascending chrom atography (ho rizon ta l 
direction o f chrom atography). Several t ry p t ic  peptides have been 
designated w ith  a num ber to fa c i l ita te  comparison.
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discussed in Section 4.6.
3.8.7 G eneration o f the secreted p ro te ins 32K, 34K and 33K by a serum
com ponent
Baucke and Spear (1979) id e n tif ie d  gE by v ir tu e  o f its  a b ility  to  
bind the F c-reg ion  o f IgG. Since the  32K, 34K and 35K p ro te ins are 
encoded by the gE gene, i t  was o f in te re s t to  te s t w hether they also 
possessed th is  p ro p e rty . To do th is , F c -a f f in ity  colum ns consisting o f 
ra b b it an ti-bov ine  serum a lbum in (BSA) antibodies bound to  BSA which was 
its e lf  cova len tly  bound to  sepharose 4B were prepared as described by 
Baucke and Spear (1979). C o n tro l columns lacked ra b b it antibody (see
Section 2.7). Equal volumes o f e ith e r a whole in fe c te d  c e ll e x tra c t
labelled w ith  35s_inorganic sulphate or a supernatant e x tra c t fro m  the 
in fec ted  ce lls were applied to  the a f f in ity  or co n tro l colum ns and e lu ted  as 
described. Those p ro te ins w hich did not bind to  the colum ns were also 
co llec ted . The resu lts  are presented in f ig .  47 in w h ich  lanes 6 '-10' are 
heavier exposures o f lanes 6-10. In agreem ent w ith  the  resu lts  o f the 
experim ent shown in  f ig . 31, the m a jo r sulphated g lycop ro te in  in ce lls
in fec ted  w ith  17 syn+ was m ore s trong ly  bound by the  F c -a f f in ity  colum n 
(lane 2) than the  c o n tro l colum n (lane 3). The 32k, 34K and 35K secreted 
proteins are id e n tif ie d  in the whole c e ll e x tra c t (lane 1) and in the 
supernatant (lanes 6 and 6'). They do not bind to  the F c -a f f in ity  columns 
(lanes 2, 7 and 7') o r the co n tro l columns (lanes 3, 8 and 8') but p ro te ins 
which co -m ig ra te  w ith  them  appear in g re a tly  increased quan tities  in the 
flow  through m a te ria l o f the whole c e ll e x tra c t fro m  the F c -a f f in ity  
column (lane 5), compared w ith  the flo w  through m a te r ia l fro m  the co n tro l 
column (lane 4). From  th is  experim en t i t  can be concluded th a t the  32K, 
34K and 35K secreted p ro te ins do not bind to  the Fc dom ain o f IgG. The 
results also suggest they can be generated in an F c -a f f in ity  colum n by
cleavage o f gE. As expected, the am ount o f 32K, 34K and 35K in the
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G eneration o f the secreted pro te ins 32K, 34K, 35K fro m  an e x tra c t o f 
H S V -l- in fe c te d  ce lls  on an F c -a f f in ity  colum n. E x trac ts  (EXT) o f in fec te d  
cells (whole ce ll) labe lled  w ith  sulphate fro m  5-12h a fte r
in fec tio n  (lane 1) and the supernatant o f a 2h, 35000g c e n tr ifu g a tio n  (Sup) 
of the in fec te d  ce lls  (lanes 6, 6’) were applied to F c -a f f in ity  columns (IgG), 
which conta ined antibodies d irec ted  against bovine serum album in (BSA) 
bound to BSA-sepharose, and co n tro l columns which conta ined only BSA- 
sepharose. That pa rt o f the sample which came through the colum n 
w ithou t binding (lanes 4, 5, 9, 10) was co llec ted . A f te r  extensive washing, 
proteins bound to e ithe r the F c -a ff in ity  column (lanes 2, 7) or co n tro l 
column (lanes 3, 8) were e lu ted w ith  3M Na SCN as described by Baucke 
and Spear (1979). Lanes 6 '-lG ' are from  an autoradiograph which was 
exposed fo r  approx im ate ly  seven tim es longer than th a t fro m  w hich lanes
1-10 were taken.
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supernatant fra c tio n  fro m  both F c -a f f in ity  colum n and co n tro l co lum n is 
s im ila r (compare lanes 10' w ith  9') since the supernatant conta ins no gE to  
be cleaved.
Evidence th a t a serum com ponent may be responsible fo r  the 
cleavage o f gE-1 to  generate 32K, 34K and 35K is shown in f ig .  48. gE-1 
was p u rifie d  by im m u n o a ffin ity  chrom atography as described in M ethods, 
Section 2.8.1 fro m  BHK ce lls  in fe c te d  w ith  HSV-1 s tra in  17 syn+ and 
labelled w ith  35s_inorganic sulphate fro m  5h-12h a fte r  in fe c tio n  (lane 2).
The p u rifie d  gE-1 was then incubated fo r  5h a t 370C in the absence o f
serum (lane 3) or the presence o f 2% c a lf  serum (lane 4), 2% human serum 
(lane 5) or 2% non-im m une ra b b it serum (lane 6). Lane 1 serves to  
ind icate  the m o b ility  o f the 32K, 34K and 35K po lypeptides. The
experim ent shows th a t in the absence o f serum, gE-1 is stable a t 37°C  
(compare lanes 2 and 3), but in the presence o f c a lf  and ra b b it serum but 
not human serum polypeptides w h ich  co -m ig ra te  w ith  the 32K, 34K and
35K polypeptides accum ula te . The am ount o f 32K, 34K and 35K
polypeptides detected a fte r  the add ition  o f human serum to  p u r if ie d  gE-1, 
varied fro m  experim ent to  expe rim en t, bu t i t  was cons is ten tly  less than 
tha t produced by c a lf  or ra b b it serum . When p u r if ie d  im m unoglobu lin  was 
added in three s im ila r experim ents instead o f whole serum, no 32K, 34K or 
35K polypeptides could be de tected  (data not shown). These resu lts
suggest th a t a serum pro te in(s), but not im m unoglobu lin  only, may be
involved in p ro te o ly tic  cleavage o f gE-1.
To investiga te  w hether secre tion  o f the 32K, 34K and 35K
polypeptides fro m  in fec te d  c e ll m onolayers was dependent on the presence
of serum in the grow th  m edium , serum -starved BHK ce lls  were in fe c te d  
w ith HSV-1 s tra in  17 syn+ and pu lse-labe lled  w ith  35S-inorganic sulphate 
from 5h-6h a fte r  in fe c tio n  in the absence or presence o f c a lf  or human 
serum. In fec ted  ce lls  labe lled  in the  absence o f serum were e ith e r
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Generation o f the 32K, 34K and 35K secreted pro te ins fro m  p u rifie d  gE by 
incubation w ith  serum. An e x tra c t o f BHK ce lls in fec te d  w ith  HSV-1 
stra in 17 syn+ and labelled fro m  5-12h a fte r  in fe c tio n  w ith  555_jpQpggpjQ 
sulphate was passed through an an ti-gE  im m u n o a ffin ity  co lum n. Bound gE 
was e lu ted (EXT) w ith  3M NaSCN and incubated (inc) a t 37°C  fo r  the  
hours (h) ind ica ted , e ithe r in the absence o f serum (-; lane 3) or the 
presence of 2% ca lf serum (Ca; lane 4), 2% human serum (Hu; lane 5) or 
2% ra b b it serum (Ra; lane 6). Lane 2 shows p u rifie d  gE before incuba tion . 
Lane 1 contains 32K, 34K, 35K polypeptides p u r if ie d  by im m u n o a ffin ity  
chrom atography from  the supernatant o f BHK cells in fec ted  w ith  HSV-1 
stra in 17 syn"^ labe lled  w ith  [ 55s]_methionine fro m  2-24h.
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harvested im m ed ia te ly  or incubated fo r  a fu r th e r  5h in  PBS conta in ing  no 
serum. In fected  ce lls labelled  in the presence o f serum were e ith e r 
harvested im m ed ia te ly  or incubated fo r  a fu r th e r  5h in  PBS conta in ing  2% 
serum. The resu lts  are presented in f ig .  49. In the  absence o f serum, no 
32K, 34K, 35K polypeptides were secreted e ith e r during the pulse (lane 5) 
or the subsequent chase (lane 6). In the presence o f c a lf  serum, the 32K, 
34K and 35K polypeptides are secreted in  m inor amounts during the pulse 
(lane 3) and in large amounts during the subsequent chase (lane 4). Small 
amounts o f the 55K, 57K pro te ins were also secre ted during the chase. In 
the presence o f human serum, no 32K, 34K, 35K polypeptides were
de tectab ly  secreted during the pulse although sm all amounts o f the 55K, 
57K polypeptides were detected (lane 7). D uring  the chase, la rge amounts 
o f the 55K, 57K, but only sm all amounts o f the  32K, 34K, 35K,
polypeptides were secreted (lane 8). O ther p ro te ins secreted in the 
presence o f serum are o f unknown o rig in .
I t  can be concluded fro m  th is  series o f experim ents th a t in HSV-1- 
in fec te d  ce lls , in tissue cu ltu re , gE-1 can be p o s t-tra n s la tio n a lly  m od ified  
to y ie ld  the 32K, 34K, 35K, 55K and 57K polypeptides by a mechanism 
which involves a t least one serum p ro te in . The serum prote in(s) cannot be 
im m unoglobulin  only and the re la tiv e  y ie ld  o f p a rtic u la r p ro te ins depends 
on the source o f the  serum.
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Serum dependence o f secre tion  o f 32K, 34K, 35K, 55K and 57K fro m  
in fected  ce lls . Serum -starved BHK cells in fec te d  w ith  HSV-1 s tra in  17 
syn+ were pu lse-labe lled  w ith  ^^S-inorganic sulphate fro m  5-6h a fte r  
in fec tion , in the absence (-) or presence (Ca, Hu) o f serum as ind ica ted . 
The label was then removed and cells were e ithe r harvested im m ed ia te ly  
(lane 1; chase = Oh) or incubated fo r a fu r th e r 5h (lane 2; chase = 5h) in 
PBS conta in ing no serum. Lanes 3 to 8 are fro m  a d if fe re n t gel and 
represent pro te ins secreted from  cells in to  the g row th  medium o f these 
in fected ce lls . The MWs o f the secreted pro te ins are ind ica ted  on the 
right-hand side o f the fig u re .
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S E C T IO N  B: ID E N T IF IC A T IO N  O F A NEW H 5 V -2 -IN D U C E D
G L Y C O P R O T E IN  g92K
3.9  C arb o h yd ra te  and inorgan ic  su lphate com position  o f q92K
g92K had been previously id e n tif ie d  on the basis o f its  
inco rpo ra tion  o f [ l'^C ]-g lucosam ine  (Marsden e t ah , 1978). To investiga te  
fu r th e r the nature  o f the g lycopro te in , the inco rpo ra tion  o f o ther 
ra d io a c tive ly  labe lled  precursors was exam ined and the resu lts  are shown in 
f ig .  27. Under the cond itions used, the 92000 (92K )-da lton  g lycopro te in  
labelled heavily  w ith  glucosam ine, only m odera te ly  w ith  mannose and
poorly , i f  a t a ll, w ith  inorgan ic sulphate (lanes 10, 3 and 9). These- 
combined labe lling  ch a ra c te ris tics  distinguished g92K fro m  gD and gE. In 
f ig . 27, g92K appears as a doublet (lane 10). There is no read ily  
id e n tif ia b le  HSV-1 equ iva lent fo r  th is  g lycopro te in  (lane 12) although a 
possible candidate is discussed in Section 4.8.
3.10 Im m u n o p ré c ip ita tio n  w ith  m onoclonal an tibod ies  A P I  and LP5
Work in the labora to ry  o f A .T . Minson showed th a t these tw o
antibodies p re c ip ita te d  a g lycopro te in  which co -m ig ra ted  w ith  gB on 7.5% 
gels cross-linked w ith  N ,N '-m e thy leneb isacry lam ide . However, work by 
J.W. P alfreym an (Marsden et a l. , 1984) established th a t the ta rg e t antigen 
of the m onoclonal antibodies mapped in the short reg ion o f the HSV 
genome and was c le a rly  d if fe re n t fro m  the locus o f gB. A t th is  stage, i t  
was considered possible th a t the ta rg e t antigen o f A P I and LP5 and g92K 
were one and the same p ro te in . To investiga te  th is  poss ib ility  the m o b ility  
of the p ro te in  p re c ip ita te d  by A P I and LP5 on the 5%-12.5% SDS-PAGE
gels used to  id e n tify  g92K was exam ined, and the physica l map loca tion  o f
g92K was narrowed using add itiona l HSV-1 x HSV-2 in te r ty p ic  
recombinants.
BHK ce lls  were in fec ted  w ith  HSV-2 s tra in  HG52 and labelled  w ith
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F IG U R E  50
Immune p re c ip ita tio n  o f the g92K p ro te in  fro m  HSV-2 s tra in  HG52 in fec te d  
cells labe lled  w ith  [ ^^S ]-m eth ion ine , [ ^^C ]-g lucosam ine and [ ^H]-m annose. 
The in fec te d  ce lls  were labelled  fo r  the tim es ind ica ted  and an e x tra c t 
was made (E xt) which was used fo r im m unopréc ip ita tion  (IP) w ith  tw o a n ti-  
g92K m onoclonal antibodies (A P I and LP5) and a co n tro l ascites f lu id  
(Con). Symbols: m inor bands p re c ip ita te d  by A P I and LP5; o  ,
HSV-2 g lycopro te ins.
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[ ^^S ]-m eth ion ine , [ ^'^C l-g lucosam ine and [ ^H]-m annose fo r  the tim es 
ind icated in f ig .  50. E x trac ts  were prepared (lanes 1, 5, 9, 13 and 17) and 
im m unopréc ip ita tions  perfo rm ed as described by M cLean e t a l. (1982).
Both A P I and LP5 s p e c ifica lly  im m unoprec ip ita ted  a [^ ^ S ]-  
m e th ion ine -labe lled  HSV-2 g92K po lypep tide  ( f ig . 50) (lanes 2, 3, 6 and 7) 
which was present in only tra ce  amounts in the  e x tra c t (lanes 1 and 5). 
Several o the r pro te ins (e.g. 157K, the m a jo r capsid p ro te in ) were
p re c ip ita te d  by these antisera , but not s p e c ific a lly  since they were also 
p re c ip ita te d  by the co n tro l ascites f lu id  (lanes 4 and 8). When [ l^ C ] -  
g lucosamine was employed as labe l, A P I and LP5 s p e c ific a lly  p re c ip ita te d  
g92K (lanes 10, 11, 14 and 15). They s im ila r ly  im m unoprec ip ita ted  a 
[ ^H ]-m annose-labe lled  polypeptide w ith  an apparent MW o f 92K fro m  HSV-
2-in fec ted  ce lls  (lanes 18 and 19), dem onstra ting  th a t g92K conta ins both 
glucosamine and mannose. Three o ther bands were som etim es p re c ip ita te d  
by A P I and LP5 fro m  g lucosam ine-labelled (upper tw o  arrow s, lanes 14 and 
15) or g lucosam ine- and mannose-labelled polypeptides (low er a rrow , lanes 
14, 15, 18 and 19). These polypeptides are present in the  p re c ip ita te s  in 
much low er amounts than g92K, and th e ir  re la tionsh ip  to  g92K rem ains to  
be established. Comparison o f the 3h to  9h resu lts  w ith  the 3h to 26h 
results (compare lane 10 w ith  lane 14 and lane 11 w ith  lane 15) suggested 
tha t g92K is synthesised in increased amounts la te  in in fe c tio n .
3.11 P hys ica lly  m apping g92K by SD S-PA G E
The po lypeptide  p ro file s  o f eleven HSV-1 x HSV-2 in te r ty p ic  
recom binants were studied; the presence o f g92K and the serotype o f gD 
are presented fo r  a ll recom binants in Table 14. Figs. 51, 53 and 54 show 
re levan t portions o f fluorographs o f the gels on w hich [ l'^C ]-g lucosam ine- 
labelled polypeptides induced by Bx6 (17-1), B x l (28-1-1), RD104, RD113, 
RD213, RE4, RE6 and R12-1, the paren ta l 17 syn+ and HG52 stra ins, and
TA B L E  14 
Mapping o f g92K  and gD by SD S -P A G E
Recombinant Presence o f 
g92l< (HSV-2)^
gD sero type^
Bx6 (17-1) + 2^
B x l (28-1-1) + 2C
RD104 - 1
RD113 - 1
RD213 - 1
RE4 - 1
RE6 - 1
R12-1 - _d
1 7 + x ll^ + 2
RH6 - 1
RS5 - 1
a Serotype determ ined fro m  [ 14C ]-g lucosam ine-labe lied  p ro file
^ Serotype determ ined fro m  both [ 14C ]-g lucosam ine-labe lled  and 
[ 3H]-m annose-labelled p ro file
I t  was not possible to te l l  the serotype of the p ro te in  from  fig . 51 
but results o f o ther experim ents showed these to  be HSV-2
The m ob ility  was fas te r than th a t o f both type 1 and type  2
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FIG URE 51
Mapping the g92K. Fluorograph o f polypeptides labe lled  w ith  [^ ^ C ] -
glucosamine (upper panel) and [ ^Hj-mannose (low er panel) in m ock-in fec ted  
(MI) ce lls and in ce lls  in fec ted  w ith  Bx6 (17-1), B x l (28-1-1) RD104, 
RD113, RD213, RE4, RE6 and the parenta l viruses HSV-1 s tra in  17 syn"^ 
(lanes 1) and HSV-2 s tra in  HG52 (lanes 2). The fluorograph  o f [ ^ ^C ]- 
g lucosam ine-labelled polypeptides has been trim m ed  to show only those 
polypeptides o f MW grea te r than about 40,000, whereas the fluorograph o f 
[ ^H ]-m annose-labe lled polypeptides has been trim m ed  to show only those 
polypeptides o f MW between 40,000 and 65,000. Symbols; ■  , HSV-1 
g lycopro te ins; O, HSV-2 g lycopro te ins.
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FIG URE 52
Summary o f the genome s truc tu res  o f the eleven in te r ty p ic  recom binants 
used to map g92K. The genome arrangem ent o f HSV DMA is illu s tra te d  at 
the top o f the figu re , showing the long and short repeat sequences and the 
long and short unique regions. V e rtica l do tted  lines correspond to the ends 
of the long and short repeat sequences. Those sequences of the 
recom binant derived fro m  the type 1 and type 2 parent are represented by 
a th ic k  continuous line superimposed on the upper (HSV-1) and low er 
(HSV-2), respective ly  o f the tw o ho rizon ta l dotted  lines. Crossover regions 
are ind icated by one or two v e rtic a l lines between the th ic k  continuous 
ho rizon ta l lines. The distance between two v e rt ic a l lines ind icates the 
rem aining region o f unce rta in ty  fo r th a t crossover event. Where the 
unce rta in ty  is sm all, the crossover appears as a single v e r t ic a l line . The 
units at the bo ttom  are expressed as a fra c tio n  o f the genome length . 
A lthough RE4 is fixed  in the Ig con figu ra tion , i t  is drawn in the p ro to type  
con figu ra tion , the hatched box represents deleted DMA sequences. There is 
a transposition  o f H 5V-2-D N A sequences in RE4 fro m  0 .26-0 .28mu in to  the 
position o f the deleted sequences (Davison and W ilk ie , 1983). The r ig h t o f 
the figure  shows fo r each recom binant whether i t  induces (+) or does not 
induce (-) g92K.
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F IG U R E  53
Presence o f g92K and serotype o f g lycopro te ins D and E in the in te r ty p ic  
recom binant R12-1. F luorograph o f polypeptides labe lled  w ith  [ 
glucosamine (lanes 1-3) or ^^S -inorgan ic sulphate (lanes 4-6) in ce lls  
in fec ted  w ith  R12-1 and the paren ta l viruses HSV-1 s tra in  17 syn+ (lanes 
designated 1) and HSV-2 s tra in  HG52 (lanes designated 2). Two gels were 
used, the ^^S -inorgan ic su lpha te-labe lled  polypeptides m ig ra ted  a l i t t le  
fu r th e r than those labelled w ith  [ ^ '^C ]-glucosam ine.
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MI ce ils  have been separated. I t  is noted th a t in f ig .  51, the m o b ility  o f 
g92K induced by the tw o  pos itive  recom binants varied fro m  th a t o f g92K 
induced by HG52, and probably re f le c ts  various degrees o f processing. 
C o rre la tio n  o f the data presented in Table 14 w ith  the genome s truc tu res  
o f the recom binants ( f ig . 52) gives a map pos ition  fo r  g92K th a t is 
de lim ite d  on the le f t  by D I O  the H S V - 2 B g V G  q - l  s ite  in U g 
(map co-ord ina te  0.852) and on the r ig h t by R12-1, the HSV-2 BamHI c '-d ' 
s ite  in Ug (map co -o rd ina tes 0.924). A ll data were in d iv id u a lly  consistent 
w ith  th is  loca tion .
O f p a rtic u la r s ign ificance  was the serotype o f gE induced by 
recom binant R12-1. The serotype o f gE could re a d ily  be seen w ith  
inorgan ic sulphate as labe l ( f ig . 53). R12-1 did not induce g92K and did
induce gE-2. This re su lt s trong ly  suggests th a t g92K and gE are encoded 
a t least in p a rt by d if fe re n t regions o f the genome. The serotype o f pgD 
could be seen w ith  glucosam ine as label (figs . 51 and 53) and m ore c le a rly  
w ith  mannose as label ( f ig . 51). R12-1 induced a pgD w ith  m o b ility
d iffe re n t from  th a t o f e ith e r type  1 or type 2, a lthough i t  is noted th a t
th is  m o b ility  d iffe re n ce  was not apparent in the m ature  fo rm  o f the
g lycopro te in  (gD). This re su lt provides weakly supportive  evidence th a t gD
is also encoded, at least in p a rt, by a d if fe re n t region o f the genome from  
th a t encoding g92K.
3.12  Mapping and id e n tif ic a t io n  o f g92K in th e  g lycoprote ins  
secreted  fro m  H S V -2  in fe c te d  ceils
To fu r th e r characte rise  g92K, i t  was investiga ted  w hether i t  is 
secreted from  in fec te d  ce lls . A polypeptide  which labels heavily  w ith
[ l^C ]-g lucosam ine  and w ith  the m o b ility  o f g92K was secreted fro m  ce lls
in fec ted  w ith  1 7 + x l ir ,  B x l (28-1-1) and Bx6 (17-1), but not fro m  ce lls
in fec ted  w ith  RE6, RH6 or RS5 ( f ig . 54). C o rre la tio n  o f these data w ith  
the genome s truc tu res  (fig . 52) gave a map position  in the short region
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Mapping o f g92K secreted p ro te ins. F luorograph o f polypeptides induced in 
ce lls in fec ted  w ith  1 7 + x ll^ , B x l (28-1-1), Bx6 (17-1), RE6, RS3 and the 
paren ta l viruses 17 syn"^ (HSV-1) (lanes 17+) and HG52 (HSV-2) (lanes 52) 
and present e ithe r in tra c e llu la r ly  (panel A) or secreted fro m  the ce ll (panel 
B). Cells were labe lled  w ith  [ ^^C ]-g lucosam ine fro m  2-26h a fte r  
in fe c tio n . A ll HSV-2 secreted g lycopro te ins have been ind ica ted  on the 
most righ t-hand  '52' lane o f panel B to  aid the com parison in Table 9.
Symbols: ■  , HSV-1 g lycopro te ins; O, HSV-2 g lycopro te ins.
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Comparison o f the re la tiv e  m o b ility  o f g92K on gels crosslinked w ith  e ith e r 
N, N '-m e thy leneb isacry lam ide  (BIS) or N, N '-d ia lly lta r ta rd ia m id e  (D ATD ). 
Cells in fe c te d  w ith  HSV-2 s tra in  HG52 were labe lled  w ith  [ ^^S ]-m eth ion ine  
fro m  4-26h a fte r in fe c tio n . An e x tra c t was made (EXT) which was used 
fo r im m unopréc ip ita tion  (IP) w ith  tw o m onoclonal antibodies d irec ted  
against g92K (MABs A P I and LP5) and a c o n tro l ascites f lu id  (Con). 
P roteins were separated in e ith e r a 5 to  12.5% SD S-polyacrylam ide gel 
crosslinked w ith  BIS (lanes 1-4) or a 9% SD S-polyacrylam ide gel crosslinked 
w ith  D ATD  (lanes 5-8). Some HSV-2-induced p ro te ins have been ind ica ted  
on the le ft-ha n d  side of each gel to show the re la tiv e  m o b ility  o f the 
g92K in each system .
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s im ila r to  the  apparent MW o f 124K fo r  the HSV-2 g lycop ro te in  G 
described by R oizm an e t a l. (1984). S im ila r it ie s  between g92K and gG are 
discussed in Section 4.8.
DISC U SSIO N
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C H A P T E R  4 
D IS C U S S IO N
4.1  Sulphation o f HSV g lycopro te ins
One o f the ob jectives o f th is  study was to  characte rise  H5V- 
induced pro te ins which are m od ified  by the add ition  o f inorgan ic sulphate. 
The resu lts  presented show th a t HSV g lycopro te ins , like  the pro te ins o f 
many viruses (Erickson and Kaplan, 1973; P in te r and Compans, 1975; 
Pennington and M cCrae, 1977; Pennington et a l. , 1982 ) are sulphated. 
Id e n tif ic a tio n  o f the m ajor sulphated polypeptide  as g lycop ro te in  E was 
based on tw o observations. F irs tly , i t  was bound by an F c -a f f in ity  column 
(f ig . 31) and secondly, the range o f apparent MWs dete rm ined  fo r i t  
(67,000-85,000) is very s im ila r to  th a t (65,000-80,000) dete rm ined  by Baucke 
and Spear (1979) fo r  g lycopro te in  E.
Inorganic sulphate was also incorpora ted  in to  species which 
com igra ted on one-dim ensional gels w ith  gD and g B - l/g C -1 . Sulphate label 
com ig ra ting  w ith  gB -2 /gC -2  was also occasionally observed (fig . 24). 
W hether the fa ilu re  to  consis ten tly  observe su lphation o f gB -2 /gC -2  (figs. 
24, 29, 31 and 36) re fle c ts  reduced levels o f synthesis or su lphation o f 
these g lycopro te ins compared w ith  those o f the g B - l/g C -1  is not known.
Since g lycopro te ins B and C were not adequately resolved from
each other on one-dim ensional gels, i t  was not possible to  determ ine
w hether the sulphate was present on one or both o f them . The superior
reso lu tion  a ffo rded  by the technique o f tw o-d im ensiona l PAGE was used to  
show tha t gB-1, gC-1 and gD-1 are sulphated ( f ig . 26). The g lycopro te in  
designated gY by Palfreym an e t a l. (1983) is also sulphated ( f ig . 26).
Inorganic sulphate was found to  be added at a la te  stage in the
m a tu ra tion  o f HSV g lycopro te ins since i t  was associated w ith  only the
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m ore m ature  fo rm s, but not w ith  the precursors o f gB, gC and gD. For 
g lycop ro te in  E, the association was m a in ly , but not exc lus ive ly , w ith  the 
m ore fu lly  processed fo rm s (figs . 24, 25, 26, 27, 28, 29, 30, 31 and 33). 
Since gY is not seen a fte r  a 30m in. pulse, but appears only a fte r  a 2h 
chase (P a lfreym an e t a l., 1983), i t  is c lea r th a t i t  requ ires some 
m a tu ra tio n  steps fo r its  genesis. I t  the re fo re  fo llo w s  th a t like  the o the r 
HSV-induced g lycopro te ins, i t  is sulphated a t a la te  stage.
4-2  In h ib itio n  o f the  synthesis o f host sulphated m acrom olecu les
Synthesis o f host sulphated m acrom olecules is in h ib ite d  by w ild -ty p e
HSV-1. To investiga te  the mechanism by which in h ib itio n  was m ediated,
use was made o f the HSV-1 tem pera tu re  sensitive m u tan t, tsK . The lesion
in the m u tan t, tsK , lies an im m ed ia te -ea rly  (IE) po lypeptide  o f apparent
MW 175,000 (IE175) (Preston, 1979a; M urch ie , 1982). C ells in fe c te d  w ith
tsK  a t the NPT fa i l to  produce most early  and la te  polypeptides (Marsden
et a l. , 1976; Watson and C lem ents, 1978; Preston, 1979a). The
observation th a t synthesis o f host sulphated m acrom olecules was inh ib ite d
at the NPT by tsK  (fig . 30) suggests in h ib itio n  is m ediated by an IE or 
V n W  1 3 4 ,'6 ^  ^ 3
t^ c  early  p ro te in  j^ n d /o r  v ir io n  p ro te in  and extends the resu lts  o f Fenw ick and
W alker (1978) who showed in h ib itio n  o f host DMA, R N A and p ro te in
synthesis by HSV was caused by a cons tituen t o f the v ir io n .
The a b ility  o f HSV to  reduce synthesis o f host-su lphated
m acrom olecules is com parable to  th a t o f in fluenza  v irus (Nakam ura and
Compans, 1977) and w ith  pseudorabies v irus (Erickson and Kaplan, 1973) in
tha t both viruses m arkedly in h ib it inco rpora tion  o f sulphate in to  ce llu la r
m ucopolysaccharides.
One fea tu re  o f the gels o f un in fected  ce lls  labe lled  w ith  35g_
inorganic sulphate m erits  com m ent. The in ten s ity  o f sulphate la b e lling
appears much g rea te r in one-dim ensional gels (figs. 24, 25, 27, 33, 34 and
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36) than in tw o-d im ensiona l gels (f ig . 26). This sulphated m a te r ia l is 
m ucopolysaccharide (fo r rev iew , see M athews, 1975) which has been 
fra c tio n a te d  by iso e lec tric  focussing in sucrose gradients in to  th ree  m ajor 
and tw o to fou r m inor components (Podrazky et a l. , 1970). The m a jo r 
components a ll have iso e le c tr ic  po in ts less than 3.80, w hich is low er than 
th a t (4.1) o f the most ac id ic  p ro te in  which would ente r the NEPHGE gel 
(Marsden et a l., 1983). I t  is lik e ly  th e re fo re  th a t the m ucopolysaccharides 
are not seen in 2-D gels because th e ir  ac id ic  nature prevents them  fro m  
entering  the NEPHGE gel.
4-3 Physical mapping o f the  genes encoding the su lp h ated -p ro te in s
gE and 32K , 34K  and 35K
Using ^^5 -ino rgan ic  sulphate as a labe l, i t  was cons is ten tly  observed 
th a t gE induced by HSV-1 (gE-1) m ig ra ted  s lig h tly  fa s te r on SDS-gels than 
did gE induced by HSV-2 (gE-2) (figs. 24, 25, 27, 29 and 31). Analysis o f 
the serotype o f gE induced by each o f the in te r ty p ic  recom binants and 
co rre la tio n  w ith  th e ir  genome s truc tu res  a llow ed gE to  be mapped to  the 
short region o f the HSV genome between map co-ord ina tes 0.832 and
0.95mu (figs . 34 and 35). By using add itiona l in te r ty p ic  recom binants, each
o f which had crossovers in the short region o f the genome, the righ t-hand  
l im it  fo r  tha t pa rt o f gE which codes fo r  the m o b ility  d iffe re n ce  between 
the two serotypes was placed at 0.935mu.
As shown in f ig . 56, the map loca tion  o f gE is com patib le  w ith  
th a t obtained independently by Para e t a l. (1982b) using in te r ty p ic  
recom binants and by Lee et a l. (1982a) who mapped the s tru c tu ra l gene 
encoding gE by trans la tion  o f se lected m R N A. More re ce n tly , R ixon and 
McGeoch (1985) have mapped the m R N A  fo r  gE-1 and the e n tire  short 
unique region o f the HSV-1 genome has been sequenced and the s tru c tu ra l
gene encoding gE-1 id e n tifie d  (McGeoch e t a l. , 1985). Since analysis o f
in te r ty p ic  recom binants maps th a t p a rt o f the p ro te in  which resu lts  in the
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F IG U R E  56
H is to ry  o f the mapping data fo r  g lycopro te in  E. The scale 0.8-1.0m u 
(a) represents only the re levan t p a rt o f the HSV genome. The short region 
o f the genome is dep icted in (b) in which open boxes represent the 
repeated sequences IRg and TRg and the line  between the open boxes 
represents the unique sequences o f the genome (Ug). Some re levan t
re s tr ic t io n  enzyme (RE) sites in the HSV-1 genome are shown (d). 
Published mapping data are shown in (c). Hatched boxes represent the 
physical mapping lim its  o f gE as determ ined in those studies. The arrow  
( =v> ) represents the length , position  and d ire c tio n  o f tra n sc rip tio n  o f 
m RN A specify ing  gE and the solid box represents the polypeptide  coding 
sequence.
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typ e -sp e c ific  m o b ility  d iffe re n ce , exam ination  o f f ig . 56 a llows the 
conclusion to  be made th a t th is  region is located in the a m in o -te rm in a l 
h a lf o f the p ro te in .
The 32K, 34K and 35K pro te ins, o f which over 95% o f the to ta l 
am ount synthesised are secreted (Table 12), were mapped according to  
w hether or not they were present in the media o f ce lls  in fe c te d  w ith  
in te r ty p ic  recom binants, since i t  was observed (figs . 28 and 29) th a t 17 
syn+ -, but not HG52 -, in fec ted  ce lls secreted them . I t  was c lea r th a t 
every recom b inan t which induced gE-1, also secreted the 32K, 34K and 
35K pro te ins (figs . 34 and 36). These resu lts dem onstra ted th a t the 
secreted pro te ins 32K, 34K and 35K are encoded by the same region o f 
the genome, th a t is, between co-ord inates 0.885 and G.935mu. However, 
several o the r genes which also lie  w ith in  these co-ord ina tes, such as the 
gene encoding gD (Marsden et a l., 1978; Ruyechan e t a l. , 1979; 
H a llib u rto n , 1980; th is  thesis), gene US4 whose p roduct has been id e n tif ie d  
as a g lycopro te in  (M .C . Frame, H.S. Marsden and D .J. McGeoch, subm itted  
fo r  pub lica tion ), and the pu ta tive  membrane product o f gene US7 (McGeoch 
et a l. , 1985) also lie  w ith in  these co-ord inates and a ll were the re fo re  
possible precursors o f the 32K, 34K and 35K pro te ins. Experim ents 
id e n tify in g  gE-1 as the precursor were presented in Section 3.8.5 and are 
discussed in Section 4.6.
4 .4  Physical mapping and com parison o f nom enclatures used to
id e n tify  g lucosam ine-labe lled  H S V -secre ted  pro te ins
Randall e t al. (1980) id e n tifie d  six HSV-1 and six HSV-2 
polypeptides released fro m  in fec te d  ce lls labelled w ith  glucosamine. The 
polypeptide p ro files  on SDS-polyacrylam ide gels they presented are very 
s im ila r to  those presented in th is  thesis (figs. 42 and 54B) and p e rm it a 
comparison o f nom enclatures used to  describe th e ir  w ork and th is  w ork 
(Table 9).
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Some o f the secreted pro te ins ind ica ted  in Table 9 were mapped 
using in te r ty p ic  recom binants. The 32K, 34K and 35K pro te ins are also 
sulphated and were discussed in Section 4.3. The charac te risa tio n  o f the 
92K p ro te in  w il l  be presented in Section 4.8.
The HSV-2 40K and the 85K p ro te ins were both mapped to  between 
co -o rd ina tes  0.892 and 0.924mu. I t  is c lea r fro m  fig s . 29, 38, 39 and 42 
th a t the HSV-2 40K secreted g lycop ro te in  is no t sulphated and th e re fo re  
may not be re la ted  to  gD or gE, both o f which are also encoded w ith in  
the  same reg ion o f the genome and are sulphated. Sequence analysis o f 
the  Ug reg ion  o f HSV-2 DMA has shown th a t HSV-2 encodes a gene U52 
(D .J . M cGeoch, D. McNab and H.W .M. R ixon, m anuscrip t in p repara tion) 
whose p red ic ted  tra ns la tio n  product has a MW o f 32 ,778  and has a 
hydrophobic am ino te rm inus. T here fo re , gene US2 could possible encode 
the 40K secre ted p ro te in .
The HSV-2 85K and 74K secreted pro te ins com ig ra te  w ith  the upper 
and low er fo rm s, respec tive ly , o f gE-2 ( f ig . 27). One o f them  (85K) was 
mapped and its  pos ition  overlapped th a t o f gE. However, un like  gE, both 
85K and 74K are secreted (figs. 42 and 54B). These observations suggest 
th a t 85K and 74K e ith e r are not s tru c tu ra lly  re la ted  to  gE-2 or th a t they 
are re la ted  and p a rt o f the popu la tion  is not sulphated but is secreted.
4 .5  N a tu re  o f the  su lphate and o ligosaccharide  linkages
The nature o f the linkage w ith  w hich oligosaccharides are a ttached 
to  g lycopro te ins  was investiga ted  w ith  tun ica m yc in , a drug known to  b lock 
the  add ition  o f N -linked  o ligosaccharides (Takatsuki e t a l., 1975; Tkacz 
and Lam pen, 1975). Experim ents w ith  tun icam yc in  (figs. 32 and 33) 
con firm ed  the e a r lie r observations o f o the r investiga to rs  (P izer e t a l., 
1980; Bond e t a l. , 1982; N o rr ild  and Pederson, 1982; Kousoulas e t a l. ,
1983) who dem onstrated th a t fo rm a tio n  o f gB-1, gC-1 and gD-1 was
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in h ib ite d  by the drug and, showed fo r  the f i r s t  t im e , th a t gE-1 and gY-1 
are not produced in the presence o f the drug, suggesting th a t they, like  
gB-1, gC-1 and gD-1 also conta in  N -linked  o ligosaccharides. This 
suggestion is consistent w ith  the data o f Johnson and Spear (1983) who 
used the enzyme endo-be ta -N -ace ty lg lucosam in idase-H , to  show th a t gE-1 
conta ined N -linked  o ligosaccharides.
Evidence suggesting th a t inorgan ic sulphate is a ttached to N -linked  
o ligosaccharides is provided by the observation th a t no ^^s .ia b e lled  
ino rgan ic  sulphate is inco rpora ted  in to  gB-1, gC-1, gD -1, gE-1 or gY-1 in 
the presence o f tun icam yc in  (figs . 32 and 33). There is precedence fo r  
th is  type o f linkage as Prehm et a l. (1979) found th a t sulphate is e s te rifie d  
to  N -linked  g lycos id ic  chains o f the g lycopro te ins  o f the param yxovirus 
SV5. Inorganic sulphate may not be a ttached exc lus ive ly  to  the N -linked  
o ligosaccharides o f the H SV-g lycopro te ins, since inco rpo ra tion  o f sulphate 
in to  in fec te d  ce lls  is not com p le te ly  inh ib ite d  by tun icam yc in , but is 
reduced to  only 37% o f the  un trea ted  co n tro l (Table 13). O f p a rtic u la r 
in te re s t is the accum ula tion  in the presence o f the drug o f a 70K 
sulphated polypeptide  which could be im m unoprec ip ita ted  by a m onospecific  
antisera  d irec ted  against gE-1 (fig . 40) suggesting th a t the 7ÜK and gE-1 
are a n tig e n ica lly  re la ted . Since tun icam yc in  a lm ost com p le te ly  inh ib ited  
the add ition  o f N -linked  oligosaccharides (fig . 33, Table 13), i t  seems 
probable th a t the sulphate inco rpo ra ted  in to  the 7ÜK po lypeptide  is e ith e r 
a ttached to O -linked oligosaccharides, as has been found fo r 
m ucopolysacchaarides (fo r rev iew , see Sharon and Lis, 1982) or onto the 
po lypeptide  backbone, perhaps at the tyros ine  position  (H u ttne r, 1982,
1984).
4 .6  O rig in  o f the  sulphated secre ted  pro te ins
I t  was o rig in a lly  observed (f ig . 42; Hope e t a l., 1982) th a t a
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m onoclonal antibody, apparently d irec ted  against gD, im m unoprec ip ita ted  
gD, pgD and the 32K, 34K and 35K secreted p ro te ins. This led to  the
conclusion, a t variance w ith  the resu lts presented in th is  thesis, th a t the
la t te r  were derived fro m  gD. The e a r lie r re su lt can best be explained i f  
the m onoclonal antibody producing ce ll line was a m ix tu re  o f tw o  clones, 
one w ith  s p e c ific ity  fo r  gD and the o ther w ith  s p e c ific ity  fo r  the 32K, 
34K and 35K secreted p ro te ins. U n fo rtu n a te ly , th is  hypothesis cannot be
tested as the o rig in a l ce ll line is no longer v iab le . H ow ever, hybridom a
cells secre ting  antibodies w ith  an id e n tica l m ix tu re  o f s p e c ific it ie s  has 
been independently produced (A . Cross, personal com m unication).
One piece o f evidence which appeared to  co rrobora te  the id e n tity  
o f gD and 32K, 34K and 35K was the an tigen ic  data o f Randall e t al. 
(1980). As shown in Table 9, these authors dem onstra ted release o f 
antigens designated a, b, c, d, e and f  fro m  H S V -l- in fe c te d  ce lls . Two o f 
these, c and e, having apparent MW 5G-54K and 3Ü-35K re spec tive ly , were 
p re c ip ita te d  by anti-band II serum (thought to  be equ iva len t to  a n t i­
g lycopro te in  D serum, N o rrild , 1980) and are probably the secreted pro te ins 
55K, 57K and 32K, 34K and 35K respective ly  (Table 9). Two explanations 
fo r th is  observation can be postu la ted. F irs t, in fec te d  c e ll released 
polypeptides (ICRPs) c and e are not the secreted pro te ins 55K, 57K and 
32K, 34K and 35K respective ly . Second, the anti-band II serum is a 
m ix tu re  o f a t least tw o antibody sp e c ific it ie s . The second explanation 
seems more probable.
I t  was subsequently dem onstrated th a t a m onospecific  ra b b it a n t i­
serum d irec ted  against gE-1 could im m unoprec ip ita te  the 32K, 34K and 
35K secreted prote ins (fig . 40) and independently D r. A. Cross iso la ted  a 
monoclonal antibody which had s p e c ific ity  fo r  gE but also weakly 
im m unoprec ip ita ted  the 32K, 34K and 35K pro te ins (personal
com m unication).
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C orrobora tive  evidence th a t the 32K, 34K and 35K secreted
pro te ins were derived fro m  gE-1 came fro m  pulse-chase experim ents (f ig . 
41). G lycopro te in  E was labe lled  very in tense ly w ith  inorgan ic sulphate 
during a 2h pulse-label but during a subsequent chase, the labe l was los t, 
w h ile  the re  was a co ncom itan t increase in the am ount o f 32K, 34K and 
35K secreted from  those in fe c te d  ce lls . D uring th is  period there  was no 
change in the amount o f gD.
The resu lts o f t r y p t ic  peptide mapping experim ents ( f ig . 44) show 
conc lus ive ly  th a t the secreted p ro te ins 32K, 34K and 35K and also 55K and 
57K are encoded by the gE-1 gene.
A surprising aspect aris ing fro m  exam ina tion  o f the t ry p t ic  peptides
o f gE-1 and the 32K, 34K and 35K is th a t the peptide maps are id e n tic a l
even though the apparent MWs o f the secreted p ro te ins are less than h a lf
th a t o f gE-1 ( 75K). One exp lanation  fo r  the id e n tica l pa tte rns  would be
th a t a t least tw o  o f the 32K, 34K, 35K pro te ins came fro m  d if fe re n t 
regions o f the gE-1 gene and happened to  m ig ra te  close to  each o the r. 
How ever, the ind iv idua l secreted pro te ins 32K, 34K and 35K produced 
id e n tica l peptide pa tte rns  (f ig . 46) dem onstra ting  th a t they come fro m  the 
same region of the gE-1 gene.
This puzzling observation would be explained i f  a ll the m ethion ine 
residues in gE-1 were c lustered  w ith in  a fragm en t w ho lly  conta ined w ith in  
the secreted pro te ins. Exam ination  o f the p red ic ted  am ino acid sequence 
o f gE-1 (McGeoch e t a l., 1985) shows th is  exp lanation  is not probable as 
the  m ethionine residues are d is trib u te d  along the whole o f the s tru c tu ra l 
gene (fig . 57). There are ten m eth ion ine  residues, the f i r s t  o f w hich would 
be removed w ith  the p u ta tive  signal pep tide . Two residues lie  w ith in  the 
p u ta tive  membrane anchoring sequence o f gE-1 which would be expected to  
be absent from  the secreted p ro te ins. A plausible mechanism accounting 
fo r  the id e n tica l t ry p t ic  peptide fin g e rp rin ts  could be postu la ted  i f  the
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p u ta tive  membrane anchoring sequence is not fu n c tio n a l and th a t gE-1 is 
held in the membrane by some o the r mechanism perhaps v ia  its  cova len t 
linkage to fa t ty  acid (Johnson and Spear, 1983). I f  such linkage was at 
the position  ind ica ted  in f ig .  57 and i f  cleavage o f th a t region (large arrow  
f ig .  57) a llow ed secre tion  o f the trunca ted  p ro te in , then a ll the m eth ion ine 
residues would be included in a secreted, trunca ted  fo rm  o f gE-1. How 
then to account fo r the large d iffe re n ce  in m o b ility  o f gE-1 and the 
secreted pro te ins 32K, 34K, 35K? Possibly the fa t ty  acids a ttached to  the 
carboxy region severely re ta rd  m ig ra tio n  in the gel. A no ther explanation 
fo r  the observed id e n tica l t ry p t ic  peptide fin g e rp rin ts  is th a t some peptides 
o f gE-1 are unstable and are degraded during p repa ra tion .
The behaviour o f gE-1 during a pulse and subsequent chase is 
com patib le  w ith  both explanations. Fo llow ing  a 2h pulse during w hich gE-1 
is labelled, the am ount o f gE-1 decreases during the chase and the 
secreted pro te ins are generated. However, the rem ainder o f gE-1 cannot 
be detected, suggesting th a t th is  po rtion  o f gE-1 e ith e r conta ins no 
ra d ioac tive  labe l or is degraded.
4.6.1 Evidence fo r invo lvem ent o f a serum com ponent in the generation
o f the secreted pro te ins
The 55K, 57K, 32K, 34K, and 35K pro te ins could be generated
(i) fro m  an e x tra c t o f H S V -l- in fe c te d  ce lls  by passing the  e x tra c t through 
an F c -a f f in ity  colum n ( f ig . 47); ( ii)  in v it r o , by m ix ing  p u r if ie d  gE-1 w ith  
serum ( f ig . 48) and ( i i i)  in tissue cu ltu re , but only in the presence o f 
serum (fig . 49). These data dem onstra te  th a t an u n id e n tifie d  com ponent in 
c a lf, non-im m une ra b b it and human serum is responsible fo r  th e ir  
generation and th a t th e ir p roduction  occurs a fte r  tra ns la tio n . The 
component is no t IgG since add ition  o f p u r if ie d  IgG did not generate the 
32K, 34K, 35K pro te ins (data not shown).
In te re s tin g ly , the add ition  o f human serum to  the in fec te d  ce ll
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monolayers generated p rin c ip a lly  the 55K and 57K prote ins and much low er 
amounts o f the 32K, 34K and 35K prote ins than was found w ith  ra b b it or 
c a lf sera (figs . 48 and 49). I f  the 55K and 57K and the 32K, 34K and
35K pro te ins were generated by a single enzyme common to  a ll th ree sera
then the tw o groups o f p rote ins would be expected to  be generated in the
same ra tio  by a ll sera. Since th a t expecta tion  was not met
expe rim en ta lly , o ther mechanisms must be postu la ted . I t  is possible th a t 
one enzyme is responsible fo r producing the 55K and 57K and a second 
enzyme is responsible fo r producing the 32K, 34K and 35K prote ins and 
th a t human serum is re la tiv e ly  d e fic ie n t in the second enzyme. A second 
poss ib ility  is th a t a single enzyme is responsible fo r  generating both groups 
o f pro te ins but tha t the prote ins o f each of the three species have s lig h tly  
d if fe re n t p re fe rred  m o d ifica tio n  sites.
The mechanism by which the secreted pro te ins are generated from  
gE-1 is unknown. One like ly  poss ib ility  would be cleavage but th is  rem ains 
to  be investiga ted.
The ro le  o f serum prote ins in the m a tu ra tion  o f v ira l g lycopro te ins 
has been previously dem onstrated. P ro te o ly tic  cleavage o f the 
haem agglutin in  g lycopro te in  o f in fluenza virus is necessary fo r enhancement 
o f in fe c t iv ity  (Laza row itz  and Choppin, 1975). This cleavage involves the 
enzyme plasmin, which is derived from  the serum p ro te in  plasminogen 
(Laza row itz  e t a l., 1973).
4-7 Possible b io lo g ica l functions o f the  sulphated secreted  
prote ins and the serum com ponents responsible fo r  th e ir  
production
W hatever ro le , i f  any, the 32K, 34K and 35K and the 55K and 57K 
sulphated prote ins have during HSV-1 in fe c tio n , i t  seems p e rtine n t to 
in it ia l ly  speculate about th e ir func tion  in re la tion  to  gE-1, the p ro te in  
fro m  which they are derived.
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Fc-b ind ing a c tiv ity  has been dem onstrated on ce lls in fec ted  w ith  
three d if fe re n t herpesviruses, HSV (Yasuda and M ilg rom , 1968) o f which gE 
has been shown to  be the F c-recep to r (Baucke and Spear, 1979; Para 
e t a l., 1980, 1982a), CMV (K e lle r e t a l., 1976; Rahman e t a l. , 1976; 
W estmoreland e t a l. , 1976) and VZV (Ogata and Shigeta, 1979). M oreover 
there  is homology between the VZV gene 68 and gE o f HSV (Davison and 
S cott, m anuscrip t in prepara tion). However, i t  has been dem onstrated 
(Ishak e t a l. , 1984) th a t several low-passage isolates o f VZV did not induce 
the appearance o f Fc-recep tors . Ishak e t a l. (1984) speculated th a t the 
genetic message fo r F c-recep to r induction is present in the VZV genome 
but, in low-passaged isolates, i t  is rendered inac tive  or is expressed a t a 
very low  frequency compared to F c-recep to r induction  in high-passaged 
iso lates as used by Ogata and Shigeta (1979). However, they did not tes t 
th e ir  specula tion. The physiological ro le  o f the herpesvirus induced F c- 
recepto rs has not been e lucidated.
Costa e t al. (1977) showed th a t the presence o f high concentra tions 
o f F c-fragm ents  fro m  ra b b it IgG can suppress HSV production in tissue and 
i t  has been dem onstrated in v itro  (A d le r e t a l., 1978) th a t Fc-recep to rs  
can play a ro le  in p ro tec ting  H S V -l- in fe c te d  cells against immune 
cy to lys is , but w hether they play a ro le  in vivo during in fe c tio n  remains to 
be tested.
A nother func tion  in which Fc-recep to rs have been im p lica ted  is the 
maintenance o f la tency. Stevens and Cook (1974) showed th a t la te n tly -  
in fec ted  ganglia transp lanted to non-immune mice allowed the re p lica tion  
of HSV whereas im m unized m ice had s ig n ifica n tly  less v irus as determ ined 
by antigen expression and virus DNA synthesis in the transplanted ganglia. 
To expla in  th is  resu lt, Lehner e t a l. (1975) suggested on an e n tire ly  
hypo the tica l basis th a t the a n tiv ira l IgG binds sim ultaneously to  the v ira l 
antigens and Fc-recep to rs  expressed on the in fec ted  ce ll surface and
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th e re fo re  the cells in which HSV establishes a la te n t in fe c tio n  may not be 
accessible to  the e ffe c to r  ce lls invo lved in immune c y to to x ic ity .  R ecently  
Johansson et al. (1985) dem onstrated th a t the HSV-1 F c -recep to r does not 
bind the Fc region of mouse IgG. I f  the F c -rece p to r is im p o rta n t in host­
ce ll in te rac tions  in any way, th is  d iffe re n ce  (the a f f in ity  fo r  the HSV F c- 
re ce p to r between im m unoglobulins fro m  d if fe re n t anim al orders) could give 
rise to m ajor m is in te rp re ta tio ns  o f such experim ents.
None o f the sulphated secreted prote ins re ta in  Fc-b ind ing a f f in ity .  
F u rthe rm ore , i t  is not known w hether Fc-b ind ing  a f f in ity  is destroyed 
perhaps due to con fo rm a tiona l changes in the polypeptide  or cleavage 
w ith in  the amino acid-sequence which comprises the F c -rece p to r or 
w hether Fc-b ind ing a f f in ity  rem ains in another po lypeptide  fragm en t o the r 
than those detected.
Fc-recep to rs may a ffe c t the fa te  o f in fec ted  ce lls . A n tibody- 
dependent, com plem ent m ediated lysis o f in fec ted  cells is in it ia te d  via the 
C lq p ro te in  o f com plem ent com ponent 1(CI) binding to  bound-antigen- 
sp ec ific  antibody. I t  is possible th a t gE-1 depletes the number o f IgG 
m olecules availab le  to bind to  th e ir  ta rg e t antigens, thus favouring  su rv iva l 
o f the virus.
The sulphated polypeptides are only a subset o f the to ta l 
po lypeptides secreted fro m  H S V -l- in fe c te d  ce lls (figs. 42 and 53B). Since 
many o f them  are g lycosylated and g lycopro te ins are among the m ajor 
an tigen ic  determ inants on the in fe c te d  ce ll membrane, i t  is possible th a t 
polypeptides which are p re fe re n tia lly  secreted fro m  H SV-in fected ce lls  
"m op-up" HSV-specific antibodies, thus favouring  su rv iva l o f the v ir io n  and 
the in fec ted  ce lls .
4.7.1 Future experim ents
The data presented in th is  study have answered some of the
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questions posed at the s ta r t and have in tu rn  generated others. 
Experim ents are suggested below to  approach some o f these new questions. 
P u r if ic a tio n  o f gE-1 and the secreted p ro te ins 32K, 34K and 35K and 55K 
and 57K, tog e the r w ith  am ino acid sequence studies would id e n tify  the 
region o f gE-1 fro m  w hich  the secreted p ro te ins are derived. A lthough a 
serum p ro te in  is im p lica te d  in the genesis o f the 32K, 34K, 35K, 55K and 
57K p ro te ins, the m echanism  responsible rem ains obscure. I t  is most like ly  
one o f cleavage but experim ents  to  tes t th is  poss ib ility  have ye t to be 
perfo rm ed . These experim ents m igh t invo lve  in fe c tin g  ce lls in the 
presence or absence o f protease inh ib ito rs  such as TPCK or TLC K  or 
m onoclonal antibodies d irec ted  against the serum proteases. A b e tte r 
understanding o f the p u ta tive  cleavage mechanism o f gE-1 would aid in 
studies exam ining w he ther gE-1 is invo lved in im m une cy to lys is  and 
w hether its  F c -re ce p to r and the secreted pro te ins are invo lved in these 
immune mechanisms. M utants in gE generated by in v it ro  mutagenesis 
may help to  understand the  fun c tio n  o f th is g lycop ro te in  during in fe c tio n .
4 .8  C h a ra c te r is a tio n  o f the  H SV-2 g92K
The g lycop ro te in  designated g92K was o rig in a lly  id e n tif ie d  by 
Marsden e t a l. (1978) who mapped the gene encoding i t  to  w ith in  the short 
region o f the HSV-2 genome (0.830 to 0.950mu). D ata presented in th is 
thesis and Marsden e t al. (1984) re fine  th is  lo ca tion  to  between co­
ord inates 0.892 and 0.924mu.
Four lines o f evidence suggested tha t g92K was a new g lycopro te in , 
d is tin c t fro m  gB, gC, gD and gE. F irs t, the genomic loca tion  o f g92K is 
not com patib le  w ith  th a t o f gB or gC, both o f which map in the long 
unique region o f the genome (see f ig . 58) (F rink  e t a l. , 1983; H a llibu rto n , 
1980; Marsden e t a l. , 1978; Para e t a l., 1983; Ruyechan e t a l., 1979). 
Second, the carbohydra te  com position and e x te n t o f su lphation o f g92K
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F IG U R E  58
Map lo ca tion  o f the HSV-2-induced g92K. The fig u re  illu s tra te s  the short 
reg ion o f the genome. The upper section shows the BamHI sites in both 
HSV-1 D N A (upper le tte r )  and HSV-2 D N A (low er le tte rs ). Below th is  are 
the re s tr ic t io n  enzyme sites which d e lim it the various g lycopro te ins:
HSV-2 K pn l, a -r; HSV-1 BamHI, q-m ', HSV-2 BamHI, g '-m '; HSV-1 K pn l, 
j-h ; HSV-2 B g lll, q-1; HSV-1 H in d lll, g-n; the m idd le  Sad site  in BamHI, 
j;  HSV-2 EcoRI, n-o; HSV-1 BamHI, z -x ; HSV-2 K pn l, a -r. The genomic 
loca tion  o f gD-1 and gE-1 obtained by m RNA se lection  and in v itro  
tra ns la tio n  (Lee et a l., 1982a) are shown. The open arrow  denotes the 
righ t-hand  l im it  o f th a t part o f the g lycopro te in  E gene coding fo r the 
d iffe re n ce  in m o b ility  between the two serotypes (Hope and Marsden, 
1983), the hatched region shows the polypeptide coding sequence fo r gE-1 
(McGeoch et a l., 1985; Rixon and McGeoch, 1985) and gD-1 (Watson 
et a l. , 1982; McGeoch et a l., 1985), respec tive ly . The cross-hatched 
region shows the loca tion  obta ined fo r  g92K (Marsden et a l., 1978, 1984; 
th is study).
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d iffe re d  fro m  th a t o f g lycopro te ins D or E (fig . 27). T h ird , the 
recom binan t R12-1 did not induce g92K, but did induce gE-2 (fig . 53) 
showing th a t g92K is encoded, a t least in p a rt, by a d if fe re n t region o f 
the genome from  tha t encoding gE. Fourth , tw o  c lona lly  unre la ted  
m onoclonal antibodies reacted w ith  g92K and not w ith  any o f the known 
processed form s o f gB, gC, gD or gE. Thus, g92K is d is tin c t fro m  a ll 
o ther known g lycopro te ins by a t least tw o  o f the above lines o f evidence.
R ecently  Roizman et al. (1984) have re -eva lua ted  th e ir  mapping o f 
gC-2 (Ruyechan e t a l. , 1979). They now consider th e ir  e a rlie r mapping to  
be in c o rre c t and now place i t  in Ug overlapping w ith  the position  o f g92K. 
They redefined the g lycopro te in  as th a t re a c tive  w ith  m onoclonal antibody 
H966 and re-designated it  gG.
I t  is possible tha t gG and g92K are one and the same, since 
besides having overlapping map positions, they are s im ila r in th a t no 
equ iva lent HSV-1 g lycopro te in  had at th a t tim e  been id e n tif ie d . 
F u rthe rm ore , the MWs of both g lycopro te ins are com patib le . gG has an 
apparent MW o f 124K on gels crosslinked w ith  D A TD  v/hich is com parable 
w ith  th a t observed in th is study (120K, f ig .  55) fo r g92K on gels 
crosslinked w ith  DATD .
R ecently  i t  was observed (Glofsson e t a l. , subm itted  fo r  pub lica tion ) 
using m onoclonal antibody, LP5, spec ific  fo r  g92K and H966 spec ific  fo r 
gG, th a t these tw o g lycopro te ins share the p rope rty  o f being the only 
HSV-2 g lycopro te ins w ith  a ff in ity  fo r  he lix  pom atia  le c tin . I t  the re fo re  
seems beyond reasonable doubt th a t g92K and gG-2 are one and the same 
g lycopro te in .
O ther investiga tors who have described g92K but, who fa ile d  to  
recognise i t  as a novel g lycopro te in , include Balachandran et a l. (1982b), 
who iso la ted  a monoclonal antibody 13 alpha C5 which im m unoprec ip ita ted  
a g lycopro te in  o f apparent MW 130K. More recen tly  Balachandran and
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H u tt-F le tc h e r (1985) showed th a t the g lycopro te ins im m unoprec ip ita ted  w ith  
m onoclonals 13 alpha C5 and A P I (which also defines g92K (Marsden 
e t a l. , 1984)) have id e n tica l MWs and concluded th a t they are one and the 
same and designated i t  gG-2. However, i t  seems p e rtin e n t to  emphasise 
th a t these authors did not use the m onoclonal which defined gG-2 (i.e . 
m onoclonal H966). There fo re , th e ir  studies only dem onstrate id e n tity  
between g92K and th e ir  g lycop ro te in . The studies o f G lofsson e t al. (in 
press) are necessary fo r estab lishm ent o f id e n tity  between th e ir 
g lyco p ro te in  and gG-2.
Evidence is accum ula ting  concerning the synthesis and processing o f 
g92K. That i t  continues to accum ulate  la te  in to  in fe c tio n  (f ig . 50) was 
con firm ed  by Balachandran et al. (1982b) using the m onoclonal antibody 13 
alpha C5.
Balachandran and H u tt-F le tc h e r (1985) presented evidence to 
suggest th a t g92K undergoes p ro te o ly tic  cleavage o f a p a r tia lly
g lycosy la ted  precursor during its  m a tu ra tion  and also showed th a t in the 
presence o f tun icam yc in , g92K did not accum ulate, but th a t polypeptides 
which were res is tan t to endo-H (which cleaves high-mannose 
oligosaccharides) and endoglycosidase-F (which cleaves both high-mannose 
and com plex oligosaccharides fro m  asparagine) did. One of these
polypeptides labelled w ith  [ ^H ]-ga lactose and [ ^H ]-g lucosam ine in the 
presence of tun icam yc in , suggesting tha t g92K conta ins O -linked
oligosaccharides. This suggestion was corrobora ted  by the evidence o f 
G lofsson et al. (in press) who showed th a t g92K/gG -2 is the only HSV-2 
induced g lycopro te in  th a t de tec tab ly  binds to he lix  pom atia  le c tin , 
dem onstra ting  th a t i t  conta ins O -linked oligosaccharides (since he lix  
pom atia  le c tin  has a f f in ity  fo r N -a ce ty l galactosam ine - a sugar found only 
in O -linked oligosaccharides) and by Serafin i-C essi e t a l. (1985) who 
dem onstrated the presence o f three size classes o f O -linked
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oligosaccharides on gG-2.
As discussed e a rlie r (Section 4.4), several investiga tors  have 
reported  g lycopro te ins to  be secreted fro m  H SV-in fected cells (Chen e t a l. , 
1978; Kaplan et a l., 1975; N o rrild  and Vestergaard, 1979; Randall e t a l. , 
1980; Hope e t a l., 1982). Here i t  is dem onstrated th a t g92K secreted 
fro m  in fec ted  ce lls corresponds to  the in tra c e llu la r g92K (fig . 54). A 
p ro te in  o f th is  apparent MW was shown by Randall e t a l. (1980) to  be 
secreted from  H S V -2-in fected ce lls and was designated ICRP-1. As
discussed in Section 4.4, ICRP-1 is probably g92K. Also, N o rrild  e t a l.
(1979) described an HSV-2 spec ific  g lycopro te in , designated Ag4A which 
was the m ajor g lucosam ine-labelled antigen secreted fro m  in fec ted  ce lls
and was not an tigen ica lly  re la ted  to  any o f the o ther p ro te ins. I t  seems 
lik e ly  th a t g92K corresponds to  Ag4A.
R ecently , when prepara tion  o f th is thesis was a lm ost com plete , 
DNA sequencing studies showed th a t the HSV-1 gene, US4 (McGeoch e t a l. ,
1985) shares homology w ith  an HSV-2 pu ta tive  gene sequenced by
D.J. McGeoch, D. McNab and H.W .M. Rixon (m anuscrip t in p repara tion). 
Antibodies generated in rabb its  against a syn the tic  o ligopeptide 
corresponding to a s tre tch  o f amino acids from  an in te rna l hydroph ilic  
region o f the sequence of the p red icted  HSV-1 US4 gene product
p rec ip ita tes  th ree  g lycopro te in  species o f apparent MW 39,000, 48,000 and 
56,000 (Fram e et a l., subm itted  fo r pub lica tion). The re la tionsh ip  between 
these three  g lycopro te ins and the s tru c tu ra l gene o f HSV-1 US4 rem ains to 
be e luc ida ted. An o ligopeptide corresponding to a region o f amino acids 
conserved between the HSV-1 US4 gene product and HSV-2 gG p rec ip ita ted
both gene products (M . Frame, personal com m unication). I t  can be
concluded th a t the product o f US4 should be known as gG-1.
The HSV-1 g88K id e n tifie d  in figs . 51, 53 and 54 was thought to  be
a p o te n tia l candidate fo r the HSV-1 equ iva lent o f g92K (Marsden e t a l..
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1984) since i t  mapped to the corresponding region on the HSV-1 genome 
and no recom binants induced both g88K and g92K. C lea rly  none o f the 
th ree  g lycop ro te in  species synthesised fro m  HSV-1 gene US4 correspond to 
gBBK. How ever, analysis o f the nuc leo tide  sequence o f the HSV-1 Ug 
region in w hich gBBK maps shows th a t gene US7, whose p red ic ted  product 
is 41,366, is a probable candidate to  encode g88K. This poss ib ility  rem ains 
to  be investiga ted .
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